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Abstract 
 
This thesis investigates the activity of three young solar analogues, R58, LQ Lup, 
and RX J0850.1-7554, using Doppler imaging, as a way to investigate the early 
history of solar activity by proxy. The spot distributions of the targeted stars have 
been mapped and differential rotation measurements obtained from the drift of 
spot features over the course of the observations. A large polar spot is present on 
all targets examined within this thesis, as well as the simultaneous presence of 
mid and low latitude features. Comparison of differential rotation results for R58 
and LQ Lup to previous work suggests these stars can undergo changes in 
differential rotation over time. Furthermore, a differential rotation measurement 
for RX J0850.1-7554 suggests this star is the first known example of a G-type star 
with solid body rotation. Overall, the results presented suggest the young Sun was 
a star with a major polar spot feature and some smaller spots at lower latitudes, 
and most likely possessed a fundamentally different dynamo to today‟s Sun. 
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Chapter 1 
Introduction 
 
For centuries humanity has been scientifically studying the Sun. Even though this 
may seem like a long time to be studying a single star, it only covers a very small 
fraction of the Sun‟s vast history. Given that the Sun is 4.6 billion years old and 
we know relatively little about any of its past history through direct observations, 
making the solar-stellar connection using studies of young solar-type stars plays a 
very important role in understanding early solar evolution. 
 
1.1 The Sun 
The Sun is an „ordinary‟ star due to its similarities to other stars, and its basic 
properties of mass, age and chemical composition are commonly observed in our 
Universe. However, our local star is special given that our lives here on Earth 
depend on the Sun for its continued existence and constant output of light and 
heat. This energy output is generated in the Sun‟s interior and migrates through to 
the surface and atmosphere, where it is released. It is also in these regions where 
dynamic solar phenomena produced by the Sun‟s magnetic field are observable. 
Such phenomena include sunspots, seen on the photosphere as dark patches, and 
prominences, loops of hot plasma arcing above the Sun‟s surface. These features 
are not unique to the Sun, but rather a characteristic of many stars. 
 
2 
 
1.1.1 Basic Properties 
The Sun is a main-sequence, G-dwarf star (G2V) and as such, is far from unique. 
It is, however, unique in that it has a large angular diameter as seen from Earth. 
This is an advantage for stellar studies in general, and investigations of solar-type 
stars in particular, as more information can be determined about this fairly typical 
star than any other star. The basic properties of the Sun are given in Table 1.1.  
 
 
1.1.1 Solar Magnetic Activity 
Magnetic activity observed in the Sun is mainly confined to the solar atmosphere, 
which consists of three main regions; the photosphere, the chromosphere and the 
corona (see Figure 1.1). The photosphere is the Sun‟s visible surface and is where 
magnetic activity such as sunspots are observed. It is on this surface that 
differential rotation through the movement of sunspots is determined. Phenomena 
such as prominences are observed in the next layer above, the chromosphere, 
which is only visible during a solar eclipse or by filtered observations at certain 
wavelengths (Zeilik & Gregory 1998). The corona is an extremely hot and 
tenuous upper-most layer in the solar atmosphere, and is the region where solar 
winds emerge and leave the Sun. 
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Table 1.1: Basic Properties of the Sun. Adapted from Lang (2001) 
Property Value 
Mass (M

) 1.989 x 10
30
 kg 
Radius (R

) 6.955 x 10
8
 m 
Surface Temperature (Teff) 5780 K 
Luminosity (L

) 3.85 x 10
26
 J s
-1 
Age 4.566 x 10
9
 yrs 
Spectral Type G2 V 
Rotational rate (Equator) 1.971 km s
-1 
 
 
 
 
Figure 1.1: Schematic of the Sun‟s interior and atmosphere. The solar interior consists of the core, 
radiative zone and convection zone. The solar atmosphere is divided into the photosphere (the 
Sun‟s visible surface), the chromosphere and the corona from where solar winds extend from. 
Magnetic activity such as sunspots and prominences are observed on the photosphere and 
chromosphere, respectively. Diagram from Bennett et al. (2008). 
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 All magnetic activity exhibited by the Sun is produced by the solar 
dynamo. This dynamo is an underlying process that is believed to be present in all 
magnetically active solar-type stars, and is due to differential rotation and 
turbulence within the star. Strong links have been identified in these stars between 
the dynamo, differential rotation, and active region phenomena evident on the 
surface. These links are shown in the flow chart in Figure 1.2, and highlight the 
relationship between stellar magnetic activity and stellar evolution. 
 
Sunspots 
In 1613, Galileo turned his telescope to the Sun to closely study the „spots‟ that 
could be seen (Hartmann & Impey 2002). From his observations, he concluded 
that these spots reside on the solar surface (photosphere) and move with the Sun‟s 
rotation.  
Sunspots are cooler, darker regions on the photosphere caused by the 
emergence at the surface of rising magnetic flux tubes originating in the solar 
dynamo. The magnetic flux tubes emerge in loops. This is why sunspots are seen 
on the surface of the Sun as pairs. These sunspot pairs are called bi-polar pairs, 
since one sunspot has one polarity and the other sunspot in the pair is of the 
opposite polarity (Zeilek & Gregory 1998). As illustrated in Figure 1.3, the 
presence of the magnetic flux tubes at the surface represents an intensification of 
the local magnetic field (of the order of 0.1 Tesla where 1 Tesla = 10,000 Gauss), 
compared to that of the surrounding global solar field (0.0001 Tesla). This locally 
strong magnetic field hinders the rising of hot gas to the Sun‟s surface, thus 
causing an area of lower temperature, of the order of 3800 K compared to a 
temperature of 5800 K for the surrounding photosphere (Zeilik & Gregory 1998).  
5 
 
 
 
 
 
 
 
 
 
Figure 1.2: Flow chart of the relationships between magnetic activity and stellar evolution. Stellar 
evolution determines a star‟s activity level, and this activity in turn influences the star‟s evolution. 
This feedback process is thought to apply to the Sun as well as other stars. Figure adapted from 
Rodonò (2000). 
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Figure 1.3: Formation of sunspots. Emerging magnetic flux tubes hinder the rising of hot gas to the 
solar surface, causing a cooler and thus darker „spot‟ to appear on the photosphere. Image adapted 
from Zeilik & Gregory (1998). 
 
It is this lower temperature that makes the area appear as a dark spot in visible 
light. 
 As one of the most prominent indicators of magnetic activity, sunspots 
have been widely documented since the time of Galileo. During this time it has 
been determined that the number of spots takes, on average, 11 yrs to go from one 
minimum to the next. This period is known as the 11-yr sunspot cycle (Schwabe 
1843). 
Figure 1.4 shows this cycle in graphical form. The lower plot indicates an 
11-yr period between minima. The upper plot shows that as the number of spots 
observed increases from solar minimum (minimum number of sunspots), their 
latitude of emergence on the Sun‟s surface becomes progressively lower, creating 
the „butterfly‟ pattern seen. 
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Figure 1.4: Location (upper) and percentage area coverage (lower) of sunspots from 1874 to 2002. 
The upper plot shows the formation of the „butterfly‟ pattern due to the migration of the sunspots 
toward the solar equator as the 11-yr cycle progresses. The lower plot indicates an average period 
of 11 yrs for the cycle to return from one solar minimum to the next. Diagram from Hathaway 
(2010)
1
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 During each 11-yr sunspot cycle, spots emerge as bi-polar pairs, with the 
polarity of the leading spot in each hemisphere, and the solar global dipolar field 
reversing in polarity from one 11-yr spot cycle to the next. Thus the 11-yr spot 
cycle is actually one-half of a 22-yr magnetic cycle.  
 
Prominences and Flares 
Sunspots are associated with Bipolar Magnetic Regions (BMRs) that give rise to 
other solar phenomena such as prominences and flares. Prominences are heated 
masses of gas suspended in the solar chromosphere (Zeilik & Gregory 1998). 
There are two types of prominences, the quiescent and the active. Quiescent 
prominences are long-lived and have the appearance of curtains of gas above the 
surface. Active prominences on the other hand are short-lived and are often seen 
as loops of plasma joining the poles of BMRs. Like sunspots, prominences are 
                                                     
1
 http://solarscience.msfc.nasa.gov/SunspotCycle.shtml 
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more frequent during solar maximum as they are associated with heightened 
magnetic activity (Chaisson & McMillan 1999). 
 Even though the origins of solar flares are not completely understood, 
models have been proposed that give us a basic understanding. A simplified model 
due to Sturrock is sketched in Figure 1.5 (Strauss & Papagiannis 1971). The 
model begins with a sunspot pair that indicates the presence of a BMR. The 
magnetic field lines associated with these spots are pulled up toward the corona 
by the solar wind, generating an active loop prominence. Once the closed 
magnetic field lines reach a certain height, they open and extend out through the 
corona, forming a streamer. Release of magnetic energy occurs when the open 
field lines reconnect due to their instability. This causes a high-energy ejection of 
particles into the coronal stream (solar flare), as well as an injection of particles 
back toward the chromosphere. This model is further added to by Priest and 
Forbes (2002) by incorporating a magnetohydrodynamic catastrophe to explain 
the initial eruption. This eruption then generates the active loop prominence which 
breaks to form the streamer. Reconnection of the field lines, as mentioned above, 
then ejects the high energy particles into the solar flare. Throughout the stages of a 
solar flare, H-alpha (streamers), and both soft (loop prominences) and hard (at the 
base and the peak of the flare) x-rays are emitted. This allows flares to be 
observed at multiple wavelengths. 
 
Differential Rotation 
The Sun is a fluid body and thus rotates differentially, where the poles rotate at a 
different rate to the equator. Figure 1.6 illustrates the changes in rotation rate 
within the Sun, with respect to both latitude and internal depth. 
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Figure 1.5: Sturrock‟s solar flare model. The BMRs indicated by the sunspot pair produces closed 
magnetic field lines that are stretched by the solar wind generating a loop prominence while the 
open field lines form a coronal streamer. The reconnection of the open field lines results in a solar 
flare that extends into interplanetary space as well as injecting high-energy particles back toward 
the chromosphere. Figure from Strauss & Papagiannis (1971). 
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Figure 1.6: Solar rotation period as a function of depth and latitude. It is seen that the Sun‟s 
radiative interior tends to rotate uniformly, whereas the convective zone rotates differentially with 
latitude. The area shaded in grey at the 0.7 R

 mark shows the depth at which it is considered that 
solar dynamo processes occur. This figure was obtained from Lang (2001) and created from data 
collected by the Michelson Doppler Imager (MDI) on board the SOlar and Heliospheric 
Observatory (SOHO). 
 
As seen in the Figure 1.6, the inner 70% (the radiative interior) of the 
Sun‟s radius almost rotates as a solid (relatively dense) body. The outer 30% (the 
convective layer to the photosphere) however, rotates differentially with respect to 
latitude. The grey strip located down the middle of Figure 1.6 shows the area with 
the highest angular rotation gradient. It is due to this extreme change in rotation 
rate that it is thought that the solar dynamo originates at this depth (Foukal 1972). 
Thus the modern-day Sun is believed to possess an interface-layer dynamo at the 
tachocline, the transition region between the radiative interior and the 
differentially rotating outer convective zone. 
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Figure 1.7: The 5-stage solar magnetic cycle of Babcock (1961). a) Stage 1 – an initial poloidal 
field with magnetic field lines running north-south; b) Stage 2 – magnetic field lines are wrapped 
almost east-west around the Sun due to differential rotation; c) Stage 2 continued – the magnetic 
field of the Sun is amplified due to the resultant toroidal field caused by the coupling of 
differential rotation and convection; d) Stage 3 – bipolar active regions (characterised by sunspot 
pairs) are formed by rising toroidal flux tubes; Stage 4 – poleward migration of the lagging spot 
causes neutralisation and reversal of the main dipolar field; In Stage 5 of the Babcock model, the 
reversal of the dipolar field causes the restarting of the dynamo process from stage 1 (a), but with 
reversed polarity. Image taken from Babcock (1961). 
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Solar Dynamo 
The concept of a „dynamo‟ being present in the Sun was first established in 1919 
by Sir Joseph Larmor (Radick 1991). In his very brief account, Larmor (1919) 
suggested that the Sun‟s ongoing magnetism and resultant magnetic activity was a 
product of this „dynamo‟. In the early 1960s, Babcock (1961) developed a 
comprehensive theoretical model that is generally accepted today. Figure 1.7 
above, illustrates how the 5-stage Babcock solar dynamo model provides a basis 
for understanding the Sun‟s 22-yr solar magnetic cycle. Babcock‟s model divides 
the solar cycle into 5 stages, as follows: 
Stage 1: Initial Dipolar Field 
In the initial stage of the Babcock model, the Sun‟s magnetic field 
lines lie along the meridional plane (running north-south), in an 
axisymmetric dipolar configuration. The magnetic field lines 
emerge from the Sun‟s north pole, extend out to several solar radii 
and reconnect at the south pole. Due to this axisymmetric dipolar 
geometry, the solar surface is only affected by the Sun‟s magnetic 
field at latitudes of ± 55° or greater. 
 
Stage 2: Amplification 
Over a 3-yr period, the Sun‟s magnetic field lines are progressively 
drawn out and wrapped by differential rotation until they run 
almost east-west alongside the solar equator. This, coupled with 
underlying convection, produces an almost toroidal field that 
amplifies the Sun‟s magnetic field to the critical field intensity 
essential for the onset of magnetic activity. The location of the 
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critical field intensity as the magnetic cycle progresses is 
calculated as follows: 
3
5.1
sin


n
       (1.1) 
Where, ϕ is latitude in degrees; and 
 n is the number of years elapsed since the beginning of the 
11-yr sunspot cycle. 
This equation represents Spörer‟s law (Carrington 1860) of 
variation of sunspot latitudes and when displayed graphically 
(Figure 1.8), shows how the sunspot „butterfly‟ pattern forms, as 
seen in Figure 1.4. The amplification of the Sun‟s magnetic field 
will continue through stage 3 until the flux tubes associated with 
the formation of BMRs become sufficiently unstable and 
disintegrate. 
 
Stage 3: Formation of BMRs from the Rising Flux Tubes  
Amplification of the Sun‟s magnetic field to critical intensity 
allows flux tubes to rise and erupt at the surface in accordance with 
Spörer‟s law of variation of sunspot latitude. At these points the 
magnetic field pressure becomes equivalent to the underlying gas 
pressure. This equalisation allows the emergence of the flux tubes 
at the surface forming BMRs. When the strength of the flux tubes 
is sufficient enough to suppress convection, sunspots appear. The 
first appearance of a sunspot due to this process signifies the 
beginning of a new 11-yr sunspot cycle and lags some 3 yrs behind 
the start of the solar cycle (as illustrated in Figure 1.8). 
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Figure 1.8: Graph of Spörer‟s law of variation of sunspot latitude using Equation 1. The lines 
forming the „butterfly‟ pattern seen here are the locations of critical magnetic intensity that allows 
the formation of BMRs, as the sunspot and solar cycle‟s progress. Note the polarity change from 
the first sunspot cycle to the next signifying the full 22-yr solar cycle, although the 22-yr solar 
cycle (as seen here) actually begins and ends before the sunspot cycles due to the 3 yr 
amplification period (described in Stage 2). Illustration from Babcock (1961). 
 
Other characteristic phenomena of the lines of force 
associated with BMRs are active and filament prominences. Active 
prominences follow the arching lines of force that are pushed 
outward by the twisting of the flux tubes as they rise to the surface, 
whereas filament prominences lay at right angles at the neutral line 
between the positive and negative regions. As the sunspot cycle 
approaches maximum, the gas pressure overcomes the magnetic 
pressure and forces the arcing lines of force further from the solar 
surface.  
 
Stage 4: Neutralisation and Reversal of the Main Dipolar Field 
Stage 4 of the dynamo process consists of a cumulative by-product 
of the magnetic nature of the degeneration of thousands of BMRs 
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over the period of the 11-yr sunspot cycle. Surface differential 
rotation coupled with the underlying Coriolis force causes the 
sunspot pairs associated with BMRs to migrate in separate 
directions (with the leading spot moving toward the equator and 
the lagging spot migrating poleward). As these pairs move away 
from each other, their stretched magnetic field lines break high in 
the atmosphere and reconnect with the existing main dipolar field 
that extends from the poles. These events cause part of the main 
field to neutralise, and also allow plasma that was trapped within 
the magnetic field to be ejected into the solar corona and 
interplanetary space. 
 As well as connecting with the main dipolar field, the 
broken field lines reconnect at the surface but with reversed 
polarity. Flux tubes beneath the solar surface, under the influence 
of differential rotation, return the magnetic field to a meridional 
orientation (as seen in Stage 1). In addition, due to their reversed 
polarity, the main dipolar field also eventually reverses polarity. 
The percentage of reversed polarity BMRs required for the 
formation of a new main dipolar field is only 1 percent. The reason 
for this is that the remaining 99 percent of the BMRs are located on 
or above the photosphere and thus no longer contributing to the 
overall solar magnetic field to the extent of those located below the 
surface. These „left over‟ BMRs do however, eventually neutralise 
and reverse polarity, evidence of which is the lag of the completion 
of the current sunspot cycle. 
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Stage 5: The Reversed Dipolar Field 
The final stage of the Babcock model of the solar dynamo is that of 
the re-establishment of the main dipolar field but due to the 
processes of the aforementioned 4 stages, it presents with reversed 
polarity from stage 1. Stage 1 through to stage 4 takes 
approximately 11 yrs. At stage 5 the polarity of the main dipolar 
field reverses and the process begins again, taking another 11 yrs to 
return to its original polarity, thus completing the 22-yr solar 
magnetic cycle. 
 
 In 1969, Leighton (1969) added to the Babcock model by explaining the 
poleward migration of the lagging sunspot in the BMRs being due to a random 
walk process and the asymmetry (BMRs are not parallel to the direction of 
rotation) of the eruption of the flux tubes due to the Sun‟s rotation. Babcock‟s 
model only included this migration as an observed fact with no real explanation. 
From then on, the Babcock model and Leighton‟s added explanations became a 
solar dynamo model known as the Babcock-Leighton semi-empirical kinematic 
model, something that is still considered one of the most comprehensive 
explanations of the solar cycle. 
 The Babcock-Leighton model is however by no means perfect or 
complete. According to Schrijver and Zwaan (2000), the main limitation of this 
model is the lack of an explanation of the mechanism for flux retraction. This 
produces an inadequate representation of the „butterfly‟ pattern evident at the 
beginning and end of the sunspot cycle. Various explanations have been offered 
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over the years, most of which involve flux reconnection and subsequent retraction 
(e.g. Zwaan (1996); Jiang, Chatterjee, & Choudhuri (2007))  
 
1.2 Activity of Solar-Type Stars 
The solar-stellar connection is comparative stellar astrophysics that allows the Sun 
to be studied from a different perspective using stars with similar properties, and 
the use of solar models as a starting point for stellar theory. Waite (1999) put 
forward that the way to understand how solar-type activity depends on key stellar 
parameters is to observe stars other than our Sun, and Johns-Krull and Valenti 
(1996) identify that direct empirical studies of the Sun provide the basis for an 
increased understanding of stellar dynamos. Knowledge obtained from observing 
the Sun has indeed allowed us to learn and understand more about other stars. In 
return, stars of around one solar mass and at different ages can provide proxies for 
studying solar evolution. In particular, young, rapidly rotating and active stars 
offer insight into the early history of our Sun‟s activity, and its effects on the Earth 
and its climate.  
Stars with similar mass, internal structure, as well as chemical composition 
to the Sun, but of different ages, are thought to represent the past and the future of 
the Sun (Cayrel de Strobel 1996). These types of stars are generally known as 
solar-type stars. The Sun has an internal structure of both a convective and a 
radiative zone. In contrast, late-M stars are entirely convective and early-F stars 
barely have any convective envelope (Schrijver & Zwaan 2000). In this thesis 
solar-type stars are taken to include mid to late F, G, K, and early-M spectral 
types. This thesis focuses on Sun-like G stars. 
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 Since a solar-type star has a similar internal structure to the Sun it is 
expected that it would exhibit analogous magnetic activity, and this activity can 
indeed be identified by observations of the stellar equivalent of such solar 
phenomena as spots, prominences and flares. Like the Sun, many stars have spots 
on their surface, indicating magnetic activity. These starspots are best observed on 
active stars (Messina et al. 2003; O‟Neal et al. 2004), as these spots occupy a 
larger fraction of the star‟s surface, and hence produce an obvious modulation of 
the stellar brightness that can be detected using photometric monitoring (Cameron 
2001).  
 
1.3 Doppler Imaging of Active Solar-Type 
Stars 
Starspots on active stars can be studied in greatest detail using a technique called 
Doppler Imaging (DI) (Vogt & Penrod 1983). Through this technique, the size, 
location and number of spots can be identified. Thus, DI has furnished a growing 
database of the spot distributions on a range of active stars whose rotation is 
sufficiently rapid  as to enable starspot mapping to be performed (e.g. Strassmeier 
2009). Piskunov and Wehlau (1990) determined that sufficiently rapid rotation can 
be as low as 15 km s
-1
 if the spectral resolution is at least 50,000. 
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Figure 1.9: The basics of Doppler imaging. The moving „bump‟ seen in the line profiles are caused 
by the cooler spot features rotating into and out of view. Spot features produce different „bumps‟ 
on the profile depending on their position (both in latitude and longitude) on the photosphere of 
the star. Figure from Cameron (2001) 
 
 
Doppler Imaging Technique 
DI is a technique that uses the analysis of time-resolved spectra to reconstruct a 
stellar image of features on a star‟s surface (Vogt & Penrod 1983). A stellar 
spectrum is broadened by the Doppler shift as the star rotates towards and away 
from the observer. As seen in Figure 1.9, features such as starspots thus produce 
line profile distortions indicating the feature‟s size and location on the 
photosphere.  
An accurate reconstruction (or map) of a star‟s surface requires data of the 
highest quality, with a high signal to noise ratio (SNR >> 100) being of upmost 
importance. This is difficult to achieve using a single spectral line, so the profiles 
of thousands of photospheric lines in a given exposure are combined to maximise 
SNR in a technique called Least-Squares Deconvolution (LSD). LSD is a cross-
correlation technique used to produce a single, high SNR profile from thousands 
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of line profiles without losing spectral resolution (Donati et al. 1997). The 
incorporation of this technique in the reduction of spectroscopic data allows stars 
of higher magnitudes (fainter stars) to be analysed using DI due to the resultant 
increase in SNR. 
 
Differential Rotation from Doppler Imaging 
If a star is observed over a period of several rotations, differential rotation can be 
determined through either starspot tracking (e.g. Cameron, Donati, & Semel 
2002), line profile analysis (e.g. Reiners & Schmitt 2003), or DI of starspots (eg. 
Donati & Collier Cameron 1997; Petit, Donati, & Cameron 2002). This surface 
differential rotation is an indicator of the processes that go on under the stellar 
surface that produces the star‟s cyclic activity (Donati et al. 2000). It is assumed 
that solar-type stars rotate differentially similarly to the Sun. Thus, differential 
rotation of solar-type stars can be determined using the following equation, which 
is a simplified solar-like differential rotation law (Donati et al. 2000): 
  ldl eq
2sin  (rad d-1)     (1.2) 
Where Ω(l) is the rotation rate at latitude l; 
Ωeq is the rotation rate at the equator; and 
dΩ is the rotational shear between the equator and the pole (the differential 
rotation) 
By incorporating this form of differential rotation in the Doppler imaging code, it 
is ascertained that the value of differential rotation can be recovered through the χ2 
statistical analysis method outlined by Petit et al. (2002). This method uses the 
distortions in the line profiles to determine if the star rotates as a solid body where 
the profile distortions vary with a period equal to the stellar equatorial rotation 
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rate, or if the body rotates differentially where the distortions in the profile vary 
with a period that changes with rotational cycle. To determine the differential 
rotation measurement, the minimum amount of information is fitted to the 
reconstructed Doppler images of all of the available data by varying both the 
equatorial rotation rate (Ωeq) and the possible rate of differential rotation (dΩ) 
until a minimum χ2 value is reached. This method is particularly applicable for 
targets with lower v sin i values (resulting in lower phase overlap) where 
conventional cross-correlation method does not yield a robust differential rotation 
measurement. The lack of phase overlap in these targets can be due to the amount 
of available observation time and/or the observations are only carried out at a 
single-site, which is often the case.  
 
1.4 Stellar Dynamo Theory & Observations 
It has been suggested by Schrijver & Zwaan (2000) that all rotating stars with a 
convection zone beneath the photosphere have magnetic activity resulting from an 
underlying dynamo. Thus, it would be expected that a magnetic field producing 
dynamo would be present in all solar-type stars that exhibit starspots. While a 
dynamo model based on the solar dynamo is a useful starting point, Doppler 
Imaging, Zeeman Doppler Imaging (mapping magnetic field lines) and other 
observations suggest that alternatives to the solar dynamo model need to be 
considered to explain the behaviour of starspots on active solar-type stars.  
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Figure 1.10: Effect of stellar rotation rate on rising flux tubes. Dashed line: Sun‟s equatorial 
rotation rate (27 days); Dotted line: 9 day period; Solid line: 3 day period. As the period of rotation 
decreases (equatorial rotation rate increases) the resultant strengthening of the Coriolis force 
pushes the rising flux tube to run more parallel with the axis of rotation. Illustration from 
Schüssler & Solanki (1992). 
 
For many rapidly rotating and very active solar-type stars, DI reveals large 
starspots at or near the star‟s pole. To explain this dramatic contrast with our Sun‟s 
spots, it is proposed that the rising magnetic flux tubes producing the spots on 
active stars are pushed parallel to the axis of rotation by a strong Coriolis effect, 
and thus erupt at high latitudes, as sketched in Figure 1.10 (Schüssler & Solanki 
1992). This explanation is however based on an extrapolation of what is 
essentially a solar-type interface layer dynamo. 
Schrijver & Zwaan (2000) go beyond a solar dynamo model to suggest 
that there can be more than one mechanism by which a stellar dynamo operates at 
the interface layer.  In the solar dynamo, the wound up toroidal field is converted 
back to a poloidal field through the twisting of the rising magnetic field lines in a 
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process known as the α-effect. However, this conversion could also arise through 
differential rotation (the Ω-effect). Possible dynamo mechanisms can thus be 
either dominated by the α-effect or the Ω-effect, or be of similar magnitude. A 
dynamo that is dominated by the Ω-effect is known as an αΩ dynamo, where the 
α-effect is significantly smaller. 
The Sun is believed to have this type of dynamo mechanism, and is 
characterised by periodic behaviour and asymmetric magnetic field 
configurations. The Earth on the other hand is thought to exhibit an α2 dynamo 
due to its molten iron core. This is where the α-effect dominates over the Ω-effect, 
and results in symmetric magnetic field configurations. When both effects are 
comparable in their role in the converting of the fields, then it is known as an α2Ω 
dynamo. 
 Active sun-like stars exhibit different dynamo mechanisms to that of the 
Sun. For instance, Mackay et al. (2004) observed magnetic flux patterns of a 
fusion of polarities at high latitudes. This is unlike that exhibited by the Sun. This 
high latitude interaction of magnetic fields contributes to the presence of large 
polar spots seen on many of the targets that have been Doppler imaged to date 
(e.g. Strassmeier 2009; Marsden et al. 2011). In contrast, Schrijver and Title 
(2001) suggests that the dynamo mechanisms of active solar-like stars are not 
completely unlike that of the Sun, but are rather a sufficiently enhanced version of 
them. These enhanced dynamo mechanisms display more frequent emergence of 
active regions, stronger transport mechanisms, and the inclusion of slow 
dispersing flux concentrations at the poles that are some 30 times stronger than 
those of the Sun. All of these facets contribute to the consistent polar region 
features imaged on young, active solar-type stars. 
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In addition to the above dynamo mechanisms, for some active solar-type 
stars Brandenburg et al. (1994) makes the suggestion of what is termed distributed 
dynamo, acting across the entire stellar convective layer, in marked contrast to the 
Sun‟s interface-layer dynamo (see also Donati et al. (1992, 1999); Donati & 
Cameron (1997); Donati (1999); Donati et al. (2003)). Studies of the magnetic 
fields of many young stars, including G-dwarfs (e.g. Donati et al. (1997); Marsden 
et al. (2011)), have established that the orientation of the magnetic fields are 
generally azimuthal, suggesting that the fields are anchored throughout the 
convective zone rather than at the base in the interface layer (e.g. Donati et al. 
2003). These studies support the concept of the distributed dynamo. Also, recent 
theoretical work by Browning (2008) and Brown et al. (2010) indicates that a 
stable dynamo can even operate in a solar-type star without the presence of an 
interface layer at all. 
The above suggests that current stellar dynamo theory based on a solar 
model is too limited to explain the observed starspot and magnetic field 
distributions of active solar-type stars. A greater variety of mechanisms must be 
incorporated into stellar dynamo theory to explain what it being observed. At the 
same time, more observations of starspots on active solar-type stars can provide 
useful constraints for testing the predictions of numerical models that emerge 
from improvements to dynamo theory. 
 
1.5 The Dynamos of Young Solar Analogues 
Given that young solar-type stars are characterised by rapid rotation and strong 
spot activity (Cameron 2001), DI offers an effective way to probe the dynamos 
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and internal structure of young solar-type stars that serve as proxies for early solar 
evolution. Although these young solar-type stars have rapid rotation, it is 
suggested by Stauffer et al. (1994) that at a projected rotational velocity of ≳ 15 
km s
-1
, the dynamo „saturates‟ and the stellar activity levels off. Furthermore, at v 
sin i ≳ 100 km s-1, the stellar activity appears to drop off, due to what is deemed 
„supersaturation‟ of the dynamo (Jardine 2004). This suggests that stars with v sin 
i between 15 and 100 km s
-1
 would expected to have surface spot occupancy of a 
similar magnitude and distribution. According to Jardine (2004) stars that are in 
the saturation and supersaturation regimes can be determined through their X-ray 
luminosities. As a star‟s rotation rate increases, the X-ray luminosity also 
increases. However, when the star reaches the saturation regime, its X-ray 
luminosity plateaus and then begins to drop off as it moves into the 
supersaturation regime. 
In addition, DI of starspots can be used to assess the latitude distribution 
and differential rotation of young solar analogues, thereby providing empirical 
data to compare with the predictions of interface-layer and distributed dynamo 
models. Thus, a selection of rapidly rotating (v sin i ≳ 15 km s-1) stars that can be 
considered young solar analogues and have the expected evidence of starspot 
activity can provide a way to study by proxy the early history of the Sun and its 
activity and dynamo.  
Earlier, the Babcock (1961) model for the solar dynamo was introduced. 
As a starting point, this theoretical model can be used to explain how a star (since 
the Sun is a star) gets their magnetic fields. This model goes on to show how 
dynamo processes are thus developed from the interaction of these magnetic fields 
with each other and through differential rotation. However, the activity indicators 
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that are associated with these processes have been observed and analysed and 
concluded to be fundamentally different to that which the Sun exhibits. This 
further proves that the solar dynamo theory is not applicable for younger, more 
active, stars, suggesting that these processes change throughout stellar evolution. 
 
The hypothesis proposed for this project is, based on observations of other young 
active (but mostly lower-mass) stars, that the young Sun had a fundamentally 
different dynamo than that of today. This should be evident in a different spot 
distribution on the surface of the three chosen young solar analogues to that of 
present Sun. As all of the three stars are in the so-called „saturation‟ regime, it is 
believed that despite differences in their rotation rates, they should show similar 
spot distributions to that of other young active stars, i.e. with a large polar spot 
being present on all stars. Again, from measurements of other young active stars, 
it is hypothesised that due to their thin convection zones, the three targets will 
have significantly higher levels of surface differential rotation than that evidenced 
by the Sun today. 
 
Targets for a DI Study of Young Solar Analogues 
The three targets selected to test the hypothesis for this project are R58, LQ Lup, 
and RX J0850.1-7554. All three targets are rapidly rotating (v sin i > 20 km s
-1
) 
solar-type (G stars), and have similar radii and mass to the Sun (ranging between 
1.09-1.22 R

 and 1.15-1.20 M

). Ages of the targets range from ~17 Myr for RX 
J0850.1-7554, to 25 and 35 Myr for LQ Lup and R58, respectively. These stars 
are all at different stages of their evolution, where RX J0850.1-7554 is a Pre-Main 
Sequence (PMS) star, LQ Lup is a post T Tauri Star (pTTS), and R58 is a Zero 
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Age Main Sequence (ZAMS) star.  It is expected that through the Doppler 
imaging of these young solar analogues, the results will show a high level of 
magnetic activity on all three targets that will help aid in the understanding of the 
young Sun‟s dynamo and thus its activity. 
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Chapter 2 
Instrumentation and Methodologies 
 
2.1 Introduction 
Magnetic activity of solar type stars is characterised by surface features such as 
starspots. Conversely, these same features can be used as an indirect measurement 
of a star‟s magnetic activity. Doppler imaging, a process that utilises 
spectroscopic observations, is one method used to map the location of a star‟s spot 
features. This method is especially suited to the surface mapping of young stars 
that often have high rotational rates (v sin i ≳ 20 km s-1). With a long enough 
period of observations covering several rotations, stellar differential rotation can 
also be determined by modelling the difference of the movement of the spot 
features at different latitudes. 
This thesis concentrates on the analysis of the magnetic activity features of 
effective single „solar-type‟ stars through the process of Doppler imaging. Since a 
solar-type star is classed as being of spectral type mid-F through to late-M (as 
mentioned earlier), stars of type G were selected for observation as samples of 
young Suns (the Sun‟s spectral type is G2). These stars should have Sun-like 
atmospheres and interior structures and therefore exhibit indicators of magnetic 
activity such as spot features. These features should also behave in a similar way 
to that of our Sun and therefore show differential rotation, which will give an 
insight into the inner workings of the star‟s dynamo. 
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The observations presented here have all been taken in the last 8 yrs with 
the same instrumentation setup at the Anglo-Australian Telescope (AAT) utilising 
the University College London Echelle Spectrograph (UCLES) to output the 
spectroscopic data onto the CCD. This equipment is one of the few facilities in the 
world that can be used for the Doppler imaging analysis of relatively faint 
southern hemisphere targets (Vmag ~ 12). Due to the faintness of the targets 
selected for this study, it was not possible to produce data with the required high 
signal-to-noise ratio (SNR) for single-line Doppler imaging. The process of least-
squares deconvolution (LSD) (Donati et al. 1997) was utilised to increase the 
SNR to a level where high quality Doppler imaging could be carried out on the 
selected targets. 
The 3 targets that were chosen for this project are HD 307938 (R58), RX 
J1508.6-4423 (LQ Lup), and RX J0850.1-7554. All targets are young, active, G-
type stars, located in the southern hemisphere. R58 is a zero-age main sequence 
(ZAMS) early G dwarf of age ~35 Myr, located in the open cluster IC 2602 
(Marsden et al. 2005). Until now, R58 was listed as a single star. However, this 
study shows that it is more likely to be a wide binary star. LQ Lup is also an early 
G-type target, but is a post T Tauri star (pTTS) of age ~25 Myr, and is a single 
star located in the constellation of Lupus (Donati et al. 2000). RX J0850.1-7554 is 
a cooler single dwarf star with a spectral type of mid G and is a pre-main 
sequence (PMS) star of age ~17 Myr, located in the Chamaeleon region (James et 
al. 2006). Table 2.1 lists the basic stellar parameters of the chosen targets. 
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Table 2.1: Physical Parameters of the chosen targets for this project- R58, LQLup, and RX 
J0850.1-7554.  
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This thesis has introduced the 3 targets chosen for this project. It will now 
describe the analysis process that was employed and the outcomes that resulted 
from this analysis. These outcomes will include surface feature determination as 
well as the subsequent differential rotation that can be identified. These outcomes 
will then be discussed in the context of stellar magnetic activity in general as well 
as how this relates to solar magnetic activity and solar evolution. 
 
2.2 High Resolution AAT Spectra 
The 3.9-m Anglo-Australian Telescope (AAT) located at Siding Spring 
Observatory in north-west New South Wales, Australia, was used to obtain data 
on all three targets. The high resolution spectrograph used was the University 
College London Echelle Spectrograph (UCLES), which is a Coude Echelle 
Spectrograph. In order to carry out the Doppler imaging process, it is essential to 
have both high spectral resolution, as well as high signal-to-noise ratio. High 
spectral resolution ensures as many resolution elements over the surface of the 
star as possible, thus providing greater accuracy in the analysis. Since the targets 
chosen for this project are rapid rotators, the exposure times were kept to less than 
1% of the stellar rotation so as to prevent the smearing that occurs when capturing 
the spectrum in one exposure from a rapidly rotating star. However, due to the 
relatively short exposure times, a large diameter telescope is needed to ensure that 
enough light is gathered to carry out the Doppler imaging of these faint targets. 
The combination of the AAT and UCLES has the ability to yield spectral 
resolutions as high as 100,000 (Jones 2010
2
) and the 3.9-m diameter AAT 
                                                     
2
 http://www.aao.gov.au/AAO/astro/ucles.html 
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provides adequate light gathering power to observe faint, rapidly rotating stars 
such as those chosen for this project. 
UCLES is a high resolution spectrograph that provides the wavelength 
coverage needed for Doppler imaging. For all data sets, the detector used was the 
English Electric Valve (EEV2) Charge Coupled Device (CCD). As stated by 
Barton, Stathakis, & Ryder (2007
3
), the EEV2 has a pixel array of 2048 
(horizontal) x 4096 (vertical) 13.5 μm square pixels. Barton et al. (2007) also 
notes that the EEV2 image area exceeds that of the unvignetted field of the 
UCLES camera (18.8 x 38.5 mm) and therefore the area of the CCD used is 
generally reduced in size so that not all pixels are used. The CCD can also be 
binned to optimise read-out speed. A grating of 31.6 groove mm
-1
 was used for all 
runs. This ensures full wavelength coverage on the reduced window of the CCD 
in a single exposure, typically covering 45 orders (orders #84 to #129), with only 
44 orders covered for the LQ Lup run (orders #86 to #130). Wavelength coverage 
ranged from 437.6 nm to 671.5 nm (433.8 nm to 655.2 nm for LQ Lup), centred 
around an approximate wavelength of 522 nm. According to Donati et al (2000), 
the reduced detector window size should result in vignetting at the edges of each 
individual order of only 10 per cent more than that of the order centre within the 
UCLES camera. All runs utilised a slit-width of approximately 1 arcsec (0.69-0.72 
mm) which projects onto 1.3 binned pixels on the detector (2.7 for LQ Lup due to 
not binning) (calculated with known slit projection factors given by Stathakis 
(2000
4
)). This yields an approximate spectral resolution of 50,000 (~ 6 km s
-1
) 
with a pixel size of 4.6 km s
-1
 (2.2 km s
-1
 for LQ Lup due to non-binned pixels). 
                                                     
3
 http://www.aao.gov.au/AAO/astro/manuals/ccdimguide/eev.html 
4
 http://www.aao.gov.au/local/www/UHRF/manual/ch1_2.html 
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High resolution spectroscopic data was obtained from the 3.9-m AAT for 
all 3 targets. Presented here are four data sets. Two data sets separated by 2 yrs for 
R58, and one each for LQ Lup and RX J0850.1-7554. The 2003 data set for R58 
spans 7 days from the 14
th
 to the 20
th
 of March 2003, but with no data obtained on 
the 17
th
 and the 19
th
. In February 2005, R58 was observed again, but this time 
only over a 5 day period from the 6
th
 to the 10
th
, and with no data obtained on the 
9
th
. LQ Lup was observed for 7 uninterrupted nights over the period from the 26
th
 
of April to the 2
nd
 of May 2002. Lastly, RX J0850.1-7554 was observed over 7 
uninterrupted nights from the 5
th
 to the 11
th
 of May 2006. 
The AAT and UCLES setup described here was used for all target runs. 
More detail of the data collected for each of the targets are outlined under each 
target star‟s results section. The data reduction and analysis of each target‟s data 
all followed the same process which is described in the next section. 
 
2.3 Data Reduction 
A pipe-line reduction tool is used to transform the raw frames collected at the 
telescope, to wavelength calibrated spectra. This is undertaken using the data 
analysis package called ESpRIT (Echelle Spectra Reduction: an Interactive Tool) 
and is outlined in Appendix A. This package is maintained by Jean-François 
Donati and is described in detail in Donati et al (1997). 
Initial data reduction from raw frames to calibrated spectra includes 4 
steps using the ESpRIT package. These steps include determining the geometrics of 
the raw frames, wavelength calibration, and the extraction of the intensity 
spectrum. Shifting of the spectra to correct for any instrumental shifts that may 
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have occurred during the observational run being analysed is also done using the 
telluric lines embedded in the spectrum. Most of the steps have an associated 
input file or input format. An overview of the ESpRIT package is presented in 
Appendix A with the various input file formats given in Appendix B. 
 
2.4 Least Squares Deconvolution 
In order to undertake accurate Doppler imaging of a target, an intensity variation 
of ~1% need to be detected, and therefore a high signal-to-noise ratio (SNR) is 
needed (Donati et al. 1997). A single line profile for the instrument setup that is 
used in this project, typically have a SNR of 30-70. This is not sufficient for 
Doppler imaging of the faint targets that are being observed for this project that 
need SNR of 100+ (Marsden 2004). In other situations, co-adding of spectra from 
different phases of the stellar rotation would be used to reduce the noise present in 
the profile. However, due to the selected targets‟ rapid rotation and short 
timescale activity variations, this is not a plausible option. 
With the assumption that the distortions in the intensity of the spectral line 
profiles due to surface spot features are almost identical in each individual 
spectral line across the entire spectrum of the target, Donati et al.‟s (1997) 
technique of Least Squares Deconvolution (LSD) can be utilised. LSD combines 
several thousand extracted intensity photospheric absorption lines within the 
spectrum to produce a single, high SNR line profile. Incorporating known relative 
strengths and locations of the various lines of the stellar spectrum from a template 
of the same spectral type of the star being analysed (weak, intermediate, and some 
strong lines, but neglecting the strongest lines), the process of LSD outputs an 
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average broadening function that represents a „mean‟ line profile with a SNR of 
order 10 times that of a single line profile (Cameron 2001). 
LSD assumes that the photospheric lines are affected the same way by the 
intensity variations and therefore the observed intensity profile (I) can be 
represented by a convolution of a basic line pattern (M) and the spot signature (Z).  
This is expressed as: 
ZMI *          (2.1) 
M is a line mask chosen by the user from a database of various stellar atmospheres 
computed using the Kurucz atomic database (Kurucz 1993) which covers spectral 
types A0 through to M0 (G2 used for this project). These line masks represent the 
wavelengths and line strengths of the stellar opacities. 
Using a least-squares method to resolve for Z, we have: 
  ISMMSMZ tt   212       (2.2) 
where S is the square diagonal matrix with element Sjj containing the inverse error 
bar 1/σj for pixel j. 
Through this equation, the raw cross-correlation vector (
t
M . S
2
 . I) is 
„cleaned‟ or deconvoluted from the autocorrelation matrix (tM . S2 . M), and 
further provides error bars for the mean intensity profile (I) through the diagonal 
elements of the inverse autocorrelation matrix. The use of deconvolution in 
conjunction with a least-squares solution gives the entire process the name Least-
Squares Deconvolution or LSD. 
LSD‟s advantages are best summed up by Cameron (2001), when he notes 
that using LSD, a SNR is achievable in the best exposed parts of the original 
spectrum of ~30 times that of a single line profile, which is comparable to the 
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light gathering power of a 120-m telescope in comparison to that of a 4-m 
telescope such as the AAT. 
 
2.5 Maximum Entropy Image 
Reconstruction 
The code used for the Doppler imaging of the targets in this project is a maximum 
entropy code called ZDICAM developed by Brown et al. (1991) and Donati & 
Brown (1997) which utilises the maximum entropy regularisation of Skilling & 
Bryan (1984). This code works on the principle of a statistical analysis of the 
output of the image reconstruction that involves the minimum amount of 
information (in this case, surface spot features) to solve for the variations in the 
observed spectroscopic data. This statistical analysis uses a chi-squared (χ2) value 
to determine the best fit for the model to the given information, where a lower χ2 
value infers a more correct solution. 
Cameron (2001) describes what is called the „nuisance parameters‟ in 
Doppler imaging. These parameters include surface brightness distribution, 
angular diameter, inclination angle i of the stellar rotational axis to the line of 
sight, rotational broadening of the spectrum, and the stellar radial velocity Vr. 
Although many of these parameters can be calculated through other means or 
even closely estimated, incorrect values of these „nuisance‟ parameters can result 
in artefacts on the stellar image due to the reconstruction code struggling to fit the 
data. It is important to perform a visual „check‟ of the modelled LSD profile fits 
as well as the output surface feature map to make sure that the modelled fit is 
accurate and there are no obvious artefacts present on the map. This check can aid 
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in identifying potential artefacts that may be present in the output. However, it 
should be stressed that the χ2 value is the primary indicator of goodness of fit of 
the model to the data (Donati et al. 1997). 
Knowledge of what the map should look like allows the user to determine 
if, for example, a lower latitude surface feature is real or is a manifestation of the 
code. The χ2 value does not always distinguish between these two situations. In 
these types of cases, Cameron (2001) suggests making multiple reconstructions 
for a range of values of each of the nuisance parameters and then deciding which 
of the computed images is optimal by determining either the lowest total spot 
coverage, or the best attainable fit to the data. In this thesis, the best attainable fit 
was used. In this case, “attainable fit” is determined by the minimum χ2aim 
achievable within 25 iterations with a test value of less than 0.1 (Donati et al. 
(2000); Petit et al. (2002)). 
 The imaging code utilises Cameron‟s (1992) two-component brightness 
model with the surface as the bright component, and the spot as the dark (cool) 
component and thus neglects the penumbra of the spots. The code determines, per 
pixel, the spot occupancy of the target‟s surface, which varies from zero to one 
(no spot to maximum spottedness respectively). 
 Previous work using this method to reconstruct the stellar surface has used 
the LSD profiles of standard stars to represent the spot and photosphere 
temperatures of the targets. Although exposures of standard stars were obtained 
during all observation runs, it was decided to use synthetic Gaussian profiles as 
used in Petit et al. (2002) to give consistency to the analysis of all three targets in 
this project as well as ensure adequate convergence. This is also consistent with 
the method used for the previous analysis of R58 (Marsden et al. 2005). This 
38 
 
method has been shown by Unruh & Cameron (1995) to produce reconstructed 
images almost identical to those determined through the use of standard stars to 
represent the two temperatures for targets with higher v sin i values. 
 Although the maximum entropy method is not the only Doppler imaging 
method available (Doppler imaging methods are outlined in Rice (2002) and 
Berdyugina (2005)), it is, in comparison, the most effective method for faint, 
rapidly rotating targets (Marsden et al. 2006). In addition, previous analysis of 
two of the targets presented here within, R58 (Marsden et al. 2005) and LQ Lup 
(Donati et al. 2000), were undertaken using the maximum entropy method for 
Doppler imaging. Therefore, in order to conserve consistency within the 
comparisons, the best choice method is the maximum entropy method. 
As previously mentioned, the code used to reconstruct the stellar surface 
uses maximum entropy where the „simplest‟ solution (using the minimum amount 
of information) is deemed the correct solution fitted to the information given. This 
is done for the star image, by producing a spot occupancy through maximising the 
entropy function S (Cameron 2001): 
         
  
  
         
      
      
        (2.3) 
Where fi is the spot filling factor; 
(1-fi) is the photospheric filling factor; and 
mi is the default model where the value that a pixel will assume in the 
absence of any other constraint. 
The filling factors are interactively adjusted accordingly to maximise: 
                 (2.4) 
Where λ is the Lagrange multiplier; and 
 χ2 is the measure of the fit accuracy; 
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so that the observed data D is fitted to the modelled data F= ℛ(I) (where ℛ is the 
non-linear radiative transfer calculations carried out given the star image (I), the 
spectral data set (F=ℛ(I)), and an atmospheric model) within the limitations of a 
χ2 value, C, that is equal to a given χ2 aim, Caim, through the following equation 
given by Skilling and Bryan (1984): 
       
     
  
 
 
         (2.5) 
Where σk is the standard error associated with the LSD data (k). 
It should be noted that a χ2 aim of 1.0 is fitting the data to the noise level. 
If a χ2 < 1.0 is achieved, then the error bars have been overestimated. This 
overestimation however, does not adversely affect the resulting spot occupancy 
map. The process used to determine the best attainable fit, as previously outlined 
and used by Donati et al. (2000) and tested by Petit et al. (2002), makes sure that 
the code is not pushed to fit noise. If the code is forced to fit beyond a final test 
value of 0.1, artefacts are introduced to the spot occupancy map as seen in the 
following results chapters, which show comparisons of each individual data set 
with differing χ2 aims. 
Once a data set has been successfully run through ZDICAM, it is sometimes 
needed to remove the solar contamination due to reflected moonlight that exists 
within some line profiles to reconstruct a full and complete stellar surface image. 
Without the removal of solar/moon spectrum contamination a spot occupancy 
map will exhibit a „hole‟ at the pole (if the contamination is in the centre of the 
LSD profile) which would otherwise be filled in with a cooler spot feature. 
Examples can be located in Chapter 3 (R58) and Chapter 4 (LQ Lup) of this 
artefact that is caused by solar contamination as well as the LSD profiles that 
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exhibit the large dip in the central region of the LSD profiles due to scattered 
moonlight. 
The solar contamination removal process involves inflating the error bars 
for the central region of the profiles so that the maximum entropy code does not 
try to fit the dip at the expense of other information in the wings of the profile or 
other non-contaminated profiles. In order to maintain as much of the original 
stellar information as possible, this inflation is only applied to the profiles that 
show obvious solar contamination. These modelled profiles are then subtracted 
from the observed LSD profiles using an IDL program called MOONSUB8 
provided by Dr. Stephen Marsden. 
The level of contamination (α) is determined by minimising the following 
equation for each difference profile (Marsden et al. 2005): 
 



iv
ivi
ii zy
sin
sin
2
         (2.6) 
where y is the difference profile; and 
 z is the inverted moon profile. 
Figure 2.1 shows the effect of scattered Moonlight (solar contamination) on a 
single LSD profile of R58 taken in 2000 (Marsden et al. 2005). As seen in part (a) 
of the figure, the solar contamination contribution to the LSD profile is a sharp 
dip in the line profile. Part (b) of the graphic shows the resulting LSD profile once 
the solar contamination has been removed, showing the true line profile of the 
target. Resulting spot occupancy map and other LSD profiles with the solar 
contamination removed can also be located in the results chapters for R58 and LQ 
Lup. The relatively more filled in polar spot feature can be seen in the maps where 
the solar contamination has been removed compared with the maps without the 
solar contamination removal. 
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Figure 2.1: Maximum entropy fit to a single observed LSD profile of R58 in 2000 where (a) has 
solar contamination and (b) has had the solar contamination removed. The thin line is the observed 
LSD profile, and the thick line is the modelled profile. For this particular LSD profile, the 
rotational phasing is listed as 0.799. Note the dip present in (a) due to the scattered moonlight. It 
can also be seen that the modelled fit (thick line) is trying to fit this dip, subsequently producing an 
artefact which appears as a „hole‟ at the pole of the target. Graphics modified from Marsden et al. 
(2005). 
 
 It should be noted that the level of contamination is sometimes so small 
that MOONSUB8 is not used to remove solar contamination, especially when it only 
occurs in a few of the profiles. In this event where there are only a small number 
of contaminated profiles and the contamination is too small to remove using 
MOONSUB8, the affected profiles are removed from the data so that the maximum 
entropy code does not attempt to fit the small amount of contamination. Because 
there are only a few profiles removed from the data set, the overall output from 
the maximum entropy code is not adversely affected. Throughout this project, 
both MOONSUB8 and the removal of solar contaminated profiles has been utilised 
depending on the level of solar contamination in the individual data sets. 
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2.5.1 Limitations of Doppler Imaging 
The Doppler imaging technique, as many others, has limitations associated with 
its usage. Rice (2002) gives an overview of these limitations, which will also be 
briefly outlined here. Limitations that are encountered throughout the Doppler 
imaging process affect the resolvable spot coverage on the stellar surface and are 
usually aspects such as adequate phase coverage and overlap, adequate signal-to-
noise ratio, spectral and spatial resolution, and incorrect stellar parameter values. 
 Phase gaps in the data set used for Doppler imaging also introduce 
problems in the analysis process. Petit et al. (2002) specifically addresses this 
issue of phase coverage and overlap. In order to reconstruct a complete and 
accurate spot occupancy map, phase coverage must be as full as possible with 
only small gaps present. Phase overlap does not adversely affect the spot 
occupancy map as long as there is good phase coverage. However, when 
determining a differential rotation value, phase overlap is crucial to the accuracy 
of the measurement. Since differential rotation is a measure of the movement of 
the spot features across the stellar surface, sizeable sections of the stellar surface 
must be visible at several phases, hence the importance of phase overlap. Petit et 
al. (2002) suggests that the minimum phase overlap required to produce an 
accurate differential rotation measurement using the technique employed in this 
project is 4% of the time it takes for the equator to lap the pole by at least one 
complete cycle. The result of inadequate phase overlap is an underestimate of the 
differential rotation measurement thus producing results that tend toward solid 
body rotation (Petit et al. 2002). 
Spectral resolution and signal-to-noise ratio, which are equipment 
limitations, affect the resolvability of the surface features in a spot occupancy map 
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particularly for faint targets. The limitation of signal-to-noise ratio can be 
counteracted by the use of LSD which is used to produce high signal-to-noise 
ratio profiles (as described in Section 2.4). 
The recoverable spot coverage is heavily reliant on the spatial resolution, 
especially for targets with low values of v sin i. Piskunov & Wehlau (1990) 
concluded that the analysis of a target with a v sin i of 15 km s
-1
 was unable to 
resolve the detail that was able to be resolved on a target of v sin i of 30 km s
-1
 
with the same spatial resolution. This must be taken into account when comparing 
spot coverage percentages of targets with different v sin i values. Even with the 
advances in astronomical equipment that has occurred over the last 20 yrs (since 
this publication), the issue of low resolution due to low v sin i values must be 
taken into account, especially when choosing targets for observation. 
Incorrect stellar parameters should also be investigated when undertaking 
Doppler imaging. As mentioned, the v sin i value affects the spot occupancy maps 
produced through Doppler imaging due to its affect on spatial resolution. The 
inclination angle of a target affects the amount of spots that are able to be 
recovered in both the northern and southern hemispheres of the stellar surface. 
Especially for high inclination targets, the southern hemisphere of the stellar 
surface is not visible for observations to be taken and therefore results in an 
underestimated spot coverage percentage (Rice 2002).  
Limitations experienced by the Doppler imaging technique, such as these, 
must be taken into account when making conclusions about the resulting spot 
occupancy maps and differential rotation measurements. 
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2.5.2 Process of Determining Stellar Parameters 
Using Maximum Entropy Reconstruction 
The stellar parameters of the targets that can be determined using the maximum 
entropy reconstruction code, ZDICAM, are the radial velocity, the v sin i, and the 
inclination angle. The χ2aim (which contributes to the spot coverage value) is also 
determined through this method. In order to determine these parameters, 
successive runs of the code are undertaken until a minimum χ2 is reached for one 
particular stellar parameter. This value is then used in subsequent runs to continue 
to minimise the χ2 for each parameter, and so on and so forth, eventually 
converging on all of the stellar parameters that produce the lowest χ2 value (Rice 
2002). The process used to determine these parameters is outlined as follows: 
Using the best estimated stellar parameters, run the ZDICAM code to obtain a first 
run result. 
For the radial velocity measurement: 
1. Set the χ2aim to an unachievable value. 
2. Alter the radial velocity value in the input file for the REFORMAT code. 
3. Run REFORMAT. 
4. Run ZDICAM. 
5. Continue steps 2, 3, and 4 until the lowest χ2 value is reached. The 
corresponding radial velocity value to this χ2 value is the determined radial 
velocity parameter. 
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For the v sin i measurement: 
1. Set the χ2aim to an achievable value. 
2. In the input file for ZDICAM, change the 4th line to “y” which allows the 
fitting of the photospheric line equivalent width, which will subsequently 
change the multiplication factors used in the input file. 
3. Alter the v sin i value in the input file for ZDICAM. 
4. Run ZDICAM. 
5. Alter the multiplication factors as needed. 
6. Repeat steps 4 and 5 until the multiplication factors are determined for that 
value of v sin i and then change the 4
th
 line of the input file for ZDICAM to 
“n” to stop the code for fitting the equivalent width. 
7. Run ZDICAM. 
8. Record the number of iterations the code takes to reach the desired χ2aim, 
the final test value, and also the final spot value. 
9. Perform a visual check of the resulting spot occupancy map to ensure an 
appropriate map has resulted. 
10. Repeat steps 2-10 with differing values of v sin i. The determined value for 
the v sin i parameter will be the value that corresponds to the least number 
of iterations taken to reach the desired χ2aim, as well as a final test value of 
less than 0.1. Where there are more than one value of v sin i that meets this 
criteria, the value with the most appropriate distribution of spots, check 
visually, is the v sin i value that should be used. 
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For the inclination angle measurement: 
1. Set the multiplication factors to that which correspond to those used for 
the v sin i value determined. 
2. Set the χ2aim to an unachievable value. 
3. Alter the inclination angle value in the input file for ZDICAM. 
4. Run ZDICAM. 
5. Continue steps 3 and 4 until the lowest χ2 value is reached. The 
corresponding inclination angle value to this χ2 value is the determined 
inclination angle parameter. 
 
For χ2aim value: 
The χ2aim value that should be used with the determined stellar parameters is the 
lowest χ2aim value that can be reached by ZDICAM within 25 iterations, with a final 
test value of less than 0.1. 
 
Once all of the stellar parameters have been determined, the above process should 
be run again to check all stellar parameter values determined.  
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Chapter 3 
Doppler Imaging of R58 
 
 
R58 is a rapidly rotating (v sin i = 92 km s
-1
; rotational period = 0.5641 d, 
(Marsden et al. 2005)) G dwarf located in the southern open cluster IC 2602. 
From previous analysis in 2000, R58 shows both spectroscopic and photometric 
variation indicative of non-axisymetric starspot features (Marsden et al. 2005). 
From these observations it was also seen that R58 exhibited a small level of 
surface differential rotation. The following chapter outlines the observations taken 
over the 2003 and 2005 observation runs and the known fundamental parameters 
of this target. Analysis of the data gathered will also be presented for the two runs 
which include the derived fundamental parameters of R58, the Doppler imaging 
of the target, as well as determining the surface differential rotation. 
 
3.1 Observations 
Spectroscopic data was obtained for R58 on two separate observation runs by Dr. 
Stephen Marsden (of the Anglo-Australian Observatory) in 2003 March and 2005 
February and has kindly been made available for this project. These observations 
were taken with the instrumentation set-up described in Section 2.2, with the 
EEV2 image area binned in both the spatial and spectral direction. 
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2003 March 14
th
 – 20
th
 
Observations were taken of R58 over the period 2003 March 14
th
 – 20th inclusive, 
with no exposures taken on the nights of the 17
th
 and the 19
th
. Over the course of 
the 2003 March observing run, 127 potentially usable exposures were taken of 
R58. All exposures were of 600 s duration (~1-2% of the rotation period) in order 
to gather enough light to undertake effective Doppler imaging of the faint target 
(Vmag = 10.6, Marsden et al. 2005) without generating rotational broadening due 
to the target‟s rapid rotation (92 km s-1 (Marsden et al. 2005)). The run was 
relatively clear of cloud and seeing ranging from 1.1 arcsec to 4.0 arcsec was 
encountered. As well as the R58 exposures, 2 x 30 s exposures were taken of the 
moon (on the March 18
th
) for comparison purposes. A log of the 2003 R58 
observations is shown in Table 3.1. 
 
2005 February 4
th
 – 10
th
  
R58 was again observed during the observation run of the 2005 February 4
th
 – 
10
th
. Exposures were taken on the nights of the 6
th
, 7
th
, 8
th
, and 10
th
. Even though 
R58 was only observed for 4 of the 7 nights, a total of 102 usable exposures of 
600 s duration each (~1% of the rotation period), were obtained. Similarly to the 
2003 run, the 2005 run was clear of cloud with seeing ranging from good to 
moderate, with best seeing of 1.2 arcsec and worst seeing of 2.2 arcsec. Exposures 
of the moon for use in the analysis were also taken during the run (1 x 60 s on the 
4
th
 and 1 x 60 s on the 5
th
). A log of the R58 observations is shown in Table 3.2. 
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Table 3.1: Log of spectroscopic observations of R58 for the AAT observation run 2003 March 14
th
 
– 20th. The first two columns list the observation date in Universal Time (UT) and exposure 
number (which are not necessarily in sequential order since other targets were also observed 
during the run). Columns 3 & 4 list the Universal Time (UT) start time and end time of the 
exposures, respectively. The last two columns list the exposure time in seconds, and the phase at 
which the target was observed. The phase is with respect to a rotational period of 0.5641 d and 
taking the zero phase as being approximately half-way through the run. 
UT Date Exposure 
Number 
UT Start UT End Exposure 
Time (s) 
No. Of 
Frames 
Phase 
2003 Mar 14 102-110 17:36 19:12 600 9 -5.3500 to -5.2449 
2003 Mar 15 23-28 14:18 15:22 600 6 -3.8212 to -3.7554 
 31-32 15:45 16:06 600 2 -3.7139 to -3.7006 
 36-41 16:43 17:47 600 6 -3.6425 to -3.5767 
 44-49 18:15 19:19 600 6 -3.5290 to -3.4633 
2003 Mar 16 25-36 09:18 11:25 600 12 -2.4183 to -2.2734 
 39-46 11:48 13:13 600 8 -2.2328 to -2.1408 
 49-50 13:36 13:57 600 2 -2.0997 to -2.0866 
 53-60 14:07 15:32 600 8 -2.0618 to -1.9697 
 63-66 15:55 16:37 600 4 -1.9290 to -1.8894 
 69-72 16:52 17:34 600 4 -1.8595 to -1.8200 
 85-86 19:03 19:24 600 2 -1.6975 to -1.6843 
 2003 Mar 18 39-46 12:19 13:44 600 8 1.3506 to 1.4426 
 63-70 16:12 17:37 600 8 1.6376 to 1.7296 
 2003 Mar 20 29-40 09:40 11:47 600 12 4.6996 to 4.8443 
 43-50 12:10 13:34 600 8 4.8844 to 4.9764 
 55-62 14:03 15:28 600 8 5.0237 to 5.1157 
 65-72 15:53 17:18 600 8 5.1600 to 5.2520 
 75-80 17:41 18:44 600 6 5.2917 to 5.3575 
 
 
 
Table 3.2: Log of spectroscopic observations of R58 for the AAT observation run 2005 February 
4
th
 – 10th. The first two columns list the observation date in Universal Time (UT) and exposure 
number (which are not necessarily in sequential order since other targets were also observed 
during the run). Columns 3 & 4 list the Universal Time (UT) start time and end time of the 
exposures, respectively. The last two columns list the exposure time in seconds, and the phase at 
which the target was observed. The phase is with respect to a rotational period of 0.5641 d and 
taking the zero phase as being approximately half-way through the run. 
 
UT Date Exposure 
Number 
UT 
Start 
UT 
End 
Exposure 
Time (s) 
No. Of 
Frames 
Phase 
2005 Feb 6 24-35 09:59 12:07 600 12 -3.6900 to -3.5452 
 38-49 12:30 14:37 600 12 -3.5044 to -3.3596 
 52-63 15:00 17:08 600 12 -3.3188 to -3.1740 
 66-72 17:32 18:46 600 7 -3.1327 to -3.0538 
2005 Feb 7 24-35 09:53 12:00 600 12 -1.9249 to -1.7802 
 38-49 12:24 14:31 600 12 -1.7391 to -1.5944 
2005 Feb 8 23-35 09:52 12:11 600 13 -0.1525 to 0.0053 
2005 Feb 10 23-34 09:54 12:01 600 12 3.3944 to 3.5392 
 37-46 12:25 14:11 600 10 3.5811 to 3.6995 
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Note that the phases calculated for the observation run are for the purpose of that 
run only and the phases listed in Table 3.1 and Table 3.2 have no relation to each 
other or to those given by Marsden et al. (2005). 
 
3.2 Fundamental Parameters 
As aforementioned, R58 is currently thought to be a single G2V dwarf with rapid 
rotation of v sin i = 92 km s
-1
 and a rotational period of 0.5641d (Marsden et al. 
2005). Situated in the young open cluster IC 2602 which is at a distance of ~145 
pc (van Leeuwen 1999), R58 has a visual magnitude of 10.6 and has an age of 
~35 Myr (Marsden et al. 2005). Figure 3.1 shows an 8.5 x 8.5 arcmin image of the 
location of R58 as taken from NASA SkyView (available at: 
http://skyview.gsfc.nasa.gov). This type of image is used during observation runs 
as a finder chart that shows the location of the target star being observed.  
The physical parameters of R58 have been previously listed in Table 2.1. 
Although most parameters should not change, some are affected by advances in 
data analysis and also aspects of observation such as phase coverage. In particular 
this includes the values of v sin i, radial velocity, inclination angle, and the 
equatorial rotational period. Except for the rotational period, the process to 
determine these parameters (both confirming previously presented values as well 
as determining new values) follows that of Barnes et al. (2000) and is outlined in 
section 2.5.1. This method determines the most accurate value for the parameter is 
deduced by selecting the value which gives the lowest χ2 value and thus the best 
fit to the observed data. The derived fundamental parameters for R58 for this 
project and previous work, using this method, are listed in Table 3.3. 
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Figure 3.1: R58 finder chart showing the location of the target star (circled). The bright star seen to 
the bottom left of R58 is HD 93030 which is Vmag = 2.78. Image from NASA SkyView available 
at: http://skyview.gsfc.nasa.gov/cgi-
bin/runquery.pl?Interface=quick&Position=HD307938&SURVEY=Digitized+Sky+Survey  
 
Figures 3.2 and 3.3 show the χ2 minimisation plots for the radial velocity 
for the analysis of the observations taken in 2003 and 2005 for R58, respectively. 
Similar minimisation plots are also shown in Figures 3.4 and 3.5 but for the 
inclination angle determined for the target from the 2003 and 2005 data, 
respectively. It can be seen from these plots that the χ2 value follows a paraboloid, 
reaching a minimum at the most suitable value for the parameter being derived. 
That is, the value for the parameter that produces the best modelled fit to the 
observed data. Note that a paraboloid has only been fitted for the radial velocity, 
and not for the inclination. This follows the procedure undertaken in Barnes et al. 
(2000), where, due to the sometimes erratic nature of the inclination curve, the use 
of a paraboloid is not always appropriate. 
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Table 3.3: Derived Fundamental Parameters of R58 from previous work (
a
 Marsden et al. (2005)) 
and as determined for this work. 
Parameter 2000 Value 
a 
2003 Value 
a 
2005 Value 
v sin i 92 ± 0.5 km s-1 92.0 ± 0.5 km s-1 92.0 ± 0.5 km s-1 
Radial Velocity 12.7 ± 0.1 km s-1 20.7 ± 0.1 km s-1 12.5 ± 0.1 km s-1 
Inclination 60° ± 10° 50° ± 10° 55° ± 10° 
Equatorial rotational period 0.5641 ± 0.0004 d 0.5623 ± 0.005 d 0.5600 ± 0.012 d 
 
 
 
 
 
Figure 3.2: χ2 minimisation for the radial velocity of R58 for the 2003 data set. The radial velocity 
for R58 for the 2003 data set is determined by using the χ2 minimisation technique. As seen here 
(red and labelled data point), the curve reaches a minimum final χ2 value at a radial velocity of 
20.70 km s
-1
. 
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Figure 3.3: χ2 minimisation for the radial velocity of R58 for the 2005 data set. The radial velocity 
for R58 for the 2005 data set is determined by using the χ2 minimisation technique. As seen here 
(red and labelled data point), although not a smooth curve, the minimum final χ2 value is still 
distinct at a radial velocity of 12.50 km s
-1
. 
 
 As can be seen when comparing the parameters listed in Table 3.3, the v 
sin i is consistent, and the inclination angle is within the error bars. It should be 
noted that Marsden et al. (2005), using the same technique used here, obtained an 
inclination angle of 50° ± 10°. Using the following calculation: 
R
ivP
i
.2
sin.
sin

         (3.1) 
 Where i is the inclination angle; 
  P is the rotational period; 
  v sin i is the rotational velocity; and 
  R is the stellar radius; 
the inclination angle was calculated to be 70° ± 10° (an error of ± 10° has been 
assumed, following standard practice). It is possible that the stellar radius in 
equation 3.1 has been underestimated, therefore resulting in a higher inclination 
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angle than that determined through the χ2 minimisation technique. Taking an 
average of both inclinations angles gives a result of 60° ± 10° and therefore the 
angle used in the subsequent Doppler imaging was 60°. This is also the value used 
by Marsden et al. (2005). 
The parameter of radial velocity should remain the same for a single star 
target from observation to observation within typical error bars. If this value 
varies on a large scale, then it is an indication that the target being observed is in 
fact a stellar component of a binary system. Seen here, the radial velocity values 
listed in Table 3.3 show that this value changes dramatically. It can be concluded 
from this, that R58 is more than likely a component of a binary system. This 
notion is further supported by Marsden (2004) who derived radial velocity values 
for R58 in January and March 2000 of 12.5 km s
-1
 and 17 km s
-1
, respectively. 
These are all significant changes in radial velocity since, as seen in Appendix A, 
step 4, the errors of the data analysis process used here are reduced to 0.1 km s
-1
 
through calibration using the telluric lines. Since the secondary is not visible in 
the LSD profiles, it can be assumed that R58 is in a wide binary and its 
component is very faint. 
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Figure 3.4: χ2 minimisation for the stellar inclination of R58 for the 2003 data set. The shown 
curve representing the results of the χ2 minimisation technique used to determine the inclination 
angle of R58 for the 2003 data, reaches a minimum final χ2 value at an inclination angle of 50° 
(shown in red and labelled). 
 
 
 
Figure 3.5: χ2 minimisation for the stellar inclination of R58 for the 2005 data set. Shown in red 
and labelled is the inclination angle of 55° where the final χ2 is at a minimum. Therefore, using the 
χ2 minimisation technique, the inclination angle of R58 for the 2005 data set is 55°. 
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3.3 Surface Features 
The surface features of R58 examined here have been derived using the maximum 
entropy code ZDICAM. As outlined in Section 2.5, this code reconstructs the 
minimum amount of features to fit the observed data. This philosophy 
inadvertently means that the spot occupancy determined through this code is 
slightly underestimated. The southern hemisphere of a target is very difficult to 
reconstruct due to the limb darkening effect that masks all but very dark or large 
features. Also, features below ~-60° cannot be seen at all due to the inclination 
angle of the star. Additionally, if the observations have low spectral resolution, 
then less spots will be resolved. Yet another reason for the underestimation of the 
spot coverage output from Doppler imaging is the code‟s inability to resolve 
uniform spot distributions. The code is only sensitive to large asymmetric spot 
distributions. These effects all add to the underestimate of the spot features on any 
observed target that is analysed using the method utilised in this project. 
In order to ensure full phase coverage of R58, the entire observation run 
was treated as one single data set resulting in one spot occupancy map. This 
method was chosen because it has been noted by other authors (Marsden (2004); 
Mengel (2005)) that when there is a lack in phase coverage, the maximum entropy 
code tends to introduce artefacts to the map. Both Marsden (2004) and Mengel 
(2005) discuss that combining separate night‟s data into one, lessened the 
occurrence of these „artefacts‟, which are the reconstruction of spot features that 
are not real features. 
Presented in the following section are the surface features of R58 for the 
observations taken in 2003 and also in 2005. A comparison of both of these data 
sets, with reference to previous observations, is then offered. 
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2003 
The raw data collected during the observations of R58 in 2003 March were 
reduced and then analysed using ZDICAM. Figure 3.6 shows the resulting 
modelled fits (thick line) to the observed LSD profiles (thin line) prior to the 
removal of solar contamination and Figure 3.8 shows the profile fits after solar 
contamination removal via the IDL program MOONSUB8 (as outlined in Section 
2.5). These profiles have been fitted to reach a χ2aim of 0.6. Observation phases of 
the profiles are listed to the right of each profile. It can be visually seen from these 
fits in Figure 3.8, that the model for the 2003 observations of R58 adequately 
matches that of the observed data and would therefore expect an accurate 
reconstruction of the R58‟s stellar surface. 
  Flattened polar projections are presented in Figures 3.7 (without removal 
of solar contamination) and 3.9 (with removal of solar contamination) that shows 
the reconstructed image of R58‟s photosphere where the inner circles represent, 
from the centre to the edge, latitudes of 30°, 60°, the equator (solid line), and -30°. 
Full phase coverage of the target was obtained as indicated by the radial ticks 
encompassing the entire image and results in a distinct spot occupancy of 0.071 or 
7.1% spot coverage over the entire visible stellar surface for the non-solar 
contaminated map. 
 Most predominantly evident in Figure 3.9, is the polar spot feature that has 
become expected on rapid rotating solar-type stars. This feature fills the polar 
region completely down to +60° latitude with a particularly dark „peanut‟ shaped 
feature around +60° latitude around phases 0.90 to 0.05. The „peanut‟ shaped dark 
feature is likely to be a result of a pair or more of unresolved spot features.  
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Figure 3.6: Maximum entropy fits to the observed LSD profiles of R58 in 2003 without solar 
contamination removal. The thin lines are the observed LSD profiles, and the thick lines are the 
modelled profiles. The rotational phasing of each observation is listed to the right of each profile. 
Note the dip present in most of the profiles due to the scattered moonlight. It can also be seen that 
the modelled fits (thick line) are trying to fit these dips, subsequently producing the „hole‟ artefact 
at the pole of R58 in the resultant spot occupancy map (see Figure 3.8). 
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Figure 3.7: Maximum entropy Spot Occupancy Map of R58 in 2003 without solar contamination 
removal. The image is a flattened polar projection that extends down to -30° latitude with the thick 
circle as the stellar equator. The rotational phase and phase coverage of the data are represented by 
the numbers and ticks surrounding the flattened stellar image, respectively. It can be seen that the 
modelled fit to the observed data is trying to fit the solar contamination, subsequently producing 
the „hole‟ artefact at the pole of R58 in the resultant spot occupancy map. 
 
Extensions of the polar spot also are seen to branch down to 60° latitude and also 
to the equator. Individual mid- to low-latitude features are also present around 
phases 0.65 and 0.90. Spots are also seen crossing the equator at phases 0.35, 
0.60, and 0.95 that cross the equator. 
Figure 3.10 shows a comparison of the R58 2003 spot occupancy maps 
produced using differing χ2aim values. It can be seen in this figure that the χ
2
aim 
value used inversely affects the spot filling factor where the lower the χ2aim, the 
higher the spot filling factor determined. These plots emphasise the importance of 
following the procedure associated with this method to ensure that the code does 
not attempt to fit noise to the observed data. 
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Figure 3.8: LSD profiles for R58 2003 (solar contamination removed with MOONSUB8). The thin 
lines are the observed LSD profiles, and the thick lines are the modelled profiles. The rotational 
phasing of each observation is listed to the right of each profile. These profiles have been fitted to 
reach a χ2aim of 0.6. 
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Figure 3.9: Spot Occupancy Map of R58 2003 (solar contamination removed using MOONSUB8). 
The image is a flattened polar projection that extends down to -30° latitude with the thick circle as 
the stellar equator. The rotational phase and phase coverage of the data are represented by the 
numbers and ticks surrounding the flattened stellar image, respectively. The spot filling factor 
(percentage spot coverage) is 0.071 (7.1%). 
 
By fitting the noise in the data, the code fits more lower latitude features. This 
adversely affects the result produced in the determining of a differential rotation 
measurement. 
An investigation of the axial inclination angle for R58 is shown in Figure 
3.11. This figure presents the flattened polar projection spot occupancy maps 
associated with the inclination angles (from top right, clockwise) of 50° 
(determined by χ2 minimisation for this data), 60° (inclination angle used for this 
project), and 70° (determined through calculation). It is clearly seen here that the 
higher the inclination angle, the more spots are fitted to the observed data, 
especially at the lower latitudes. Also, the higher the inclination angle, the more 
the polar spot feature appears filled in. 
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(a) (b)
(c)  
Figure 3.10: Spot Occupancy Maps of R58 2003 using χ2aim (a) 0.55; (b) 0.60; and (c) 0.65. The 
image is a flattened polar projection that extends down to -30° latitude with the thick circle as the 
stellar equator. The rotational phase and phase coverage of the data are represented by the numbers 
and ticks surrounding the flattened stellar image, respectively. Note that the lower the χ2aim is 
pushed, the more the code attempts to fit spot features that are artefacts. The resulting spot filling 
factors (percentage spot coverage) are (a) 0.084 (8.4%); (b) 0.071 (7.1%); and (c) 0.062 (6.2%). 
This shows that the lower the χ2aim, the higher the resulting percentage spot coverage and therefore 
the spot filling factor is inversely affected by the χ2aim. 
 
This is due to the amount of filling required by the model to fit the data as the star 
is rotated more pole-on to the line of sight of the observation. Mirroring effects 
can also become evident at high inclination angles (> 70°) where the spots in the 
northern hemisphere of the star are mirrored into the southern hemisphere. 
Although an inclination angle of 50° produces a minimum χ2 value for the 
2003 R58 data, as well as a spot occupancy map relatively free of code artefacts, it 
has been decided to follow that of Marsden et al. (2005) and continue with an 
axial inclination angle of 60° ± 10° for this project. 
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50° 60°
70°  
Figure 3.11: Spot Occupancy Maps of R58 2003 (solar contamination removed using 
MOONSUB8) for inclination angles (from top left, clockwise) 50°, 60°, and 70°. The images are 
flattened polar projections that extend down to -30° latitude with the thick circle as the stellar 
equator. The rotational phase and phase coverage of the data are represented by the numbers and 
ticks surrounding the flattened stellar images, respectively. Note the effect that the inclination 
angle has on the resultant spot occupancy map. 
 
The following Figures 3.12 and 3.13 are a graphical representation of the 
affect of the determined stellar parameters of radial velocity and v sin i, on the 
spot occupancy maps reconstructed for the 2003 data set of R58 using ZDICAM, 
respectively. This investigation shows what happens to the result determined 
through the Doppler imaging method used for this project when incorrect inputs 
of the stellar parameters are used. The variation of the parameters are given within 
the error bars of the original values, where radial velocity is 20.7  0.1 km s-1, and 
v sin i is 92.0  0.5 km s-1. It is evident in the figures that both the radial velocity 
and the v sin i values alter the structure of the resulting spot occupancy maps, 
however the radial velocity affect on the stellar surface features is minimal.  
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(a) (b)  
(c)  
Figure 3.12: Spot Occupancy Maps of R58 (2003 data set) for radial velocity (a) 20.6 km s
-1
, (b) 
20.7 km s
-1
, and (c) 20.8 km s
-1
. The images are flattened polar projections that extend down to -
30° latitude with the thick circle as the stellar equator. The rotational phase and phase coverage of 
the data are represented by the numbers and ticks surrounding the flattened stellar images, 
respectively. Note that there is little effect on the resultant spot occupancy map due to the varying 
radial velocity value. 
 
In particular, in Figure 3.13 a small amount of equatorial smearing of the lower 
latitude features is present when the v sin i value is at its maximum. 
Figure 3.14 is a test of the robustness of the spot occupancy map presented 
for R58 2003.  The maps have been produced by independently mapping the even 
and the odd profiles from the R58 2003 data set. Overall, the main structures of 
the features shown in the maps are the same as that shown in Figure 3.9. Despite 
the presence of some lower latitude features being introduced into the maps, the 
overall result is accurate. 
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(a) (b)  
(c)  
Figure 3.13: Spot Occupancy Maps of R58 (2003 data set) for v sin i (a) 91.5 km s
-1
, (b) 92.0 km s
-
1
, and (c) 92.5 km s
-1
. The images are flattened polar projections that extend down to -30° latitude 
with the thick circle as the stellar equator. The rotational phase and phase coverage of the data are 
represented by the numbers and ticks surrounding the flattened stellar images, respectively. Note 
the effect that the v sin i has on the resultant spot occupancy map, where the higher the v sin i, the 
more spots the code uses to fit the observed data. It is also seen that when the v sin i is increased, 
that equatorial smearing becomes apparent. 
 
In order to determine if there is any significant spot evolution throughout 
the observations taken of R58 in 2003, Figure 3.15 presents spot occupancy maps 
of only the (a) first half and the (b) second half of the observed data. Seen in this 
figure, there is indeed spot evolution evident over the observation run, where there 
are more features present on the stellar surface during the second half of the run 
than there are in the first half signified by the change in spot filling from 6.4% to 
7.2%. 
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(a) 
 
(b) 
 
Figure 3.14: Spot Occupancy Maps for the (a) even profiles of the R58 2003 data set; and (b) odd 
profiles of the R58 2003 data set. The images are flattened polar projections that extend down to -
30° latitude with the thick circle as the stellar equator. The rotational phase and phase coverage of 
the data are represented by the numbers and ticks surrounding the flattened stellar images, 
respectively. Some artefacts have been incorporated in these maps, however the main structure of 
features are consistent with those presented in Figure 3.9 suggesting a robust result. 
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(a) 
 
(b) 
 
Figure 3.15: Spot Occupancy Maps for the (a) the first half of the profiles of the R58 2003 data 
set; and (b) the second half of the profiles of the R58 2003 data set. The images are flattened polar 
projections that extend down to -30° latitude with the thick circle as the stellar equator. The 
rotational phase and phase coverage of the data are represented by the numbers and ticks 
surrounding the flattened stellar images, respectively. The resulting spot filling factors for the first 
and the second half of the data set maps are 0.064 (6.4%) and 0.072 (7.2%), respectively. 
Although phase coverage is not complete, the spot features seen in these maps can be said to be 
evolving, where more features are present in the second half of the observation run than there are 
in the first half. 
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2005 
The LSD profile fits for the observations taken of R58 in 2005 February are given 
in Figure 3.16. Fitting to a χ2aim of 0.55, these profiles did not contain the same 
level of solar contamination as that which was present in the 2003 R58 data set. 
The level of contamination was so small that it could not be determined by the 
IDL
5
 program MOONSUB8. Since there were only 6 badly affected profiles out of 
the total 102 profiles obtained from the observation run, it was decided that the 
solar contaminated profiles would be removed completely. This was successful as 
can be seen in Figure 3.16, where there are no obvious solar contamination „dips‟ 
located around the centre of the profiles. The resulting models fit the observed 
data well to a χ2aim of 0.55. Note that these fits do not incorporate differential 
rotation. 
 The resulting spot occupancy map presented in Figure 3.17 is of the same 
form as the R58 2003 map in Figure 3.9. Again, complete phase coverage was 
achieved as indicated by the radial ticks, and an inclination angle of 60° was used 
to maintain consistency between the two data sets. For the 2005 data set, the spot 
occupancy is slightly less than that of the 2003 data set with a value of 0.068 
(6.8%) total spot filling factor. The polar spot feature seen in Figure 3.9 is again 
present, but has somewhat less extension from the polar spot. The same „peanut‟ 
shaped dark feature is again seen here, although appears to be larger than in 2003 
(covering phases 0.55 to 0.80). Due to the nature of Doppler imaging, this shape is 
more than likely the result of a pair or more of unresolved spot features. Mid to 
low-latitude spots feature here at phases 0.15, 0.40, 0.55-0.60, 0.70, and 0.90, 
with only two features crossing the equator. 
                                                     
5
 http://www.ittvis.com/ProductServices/IDL.aspx 
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Figure 3.16: LSD profiles for R58 2005 (solar contaminated LSD profiles removed). The thin lines 
are the observed LSD profiles, and the thick lines are the modelled profiles. The rotational phasing 
of each observation is listed to the right of each profile. These profiles have been fitted to a χ2aim of 
0.55. 
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Figure 3.17: Spot Occupancy Map of R58 2005 (solar contaminated LSD profiles removed). The 
image is a flattened polar projection that extends down to -30° latitude with the thick circle as the 
stellar equator. The rotational phase and phase coverage of the data are represented by the numbers 
and ticks surrounding the flattened stellar image, respectively. The spot filling factor (percentage 
spot coverage) is 0.068 (6.8%). 
 
 
Figure 3.18 shows a comparison of R58 2005 spot occupancy maps 
produced using differing χ2aim values. As shown previously using the R58 2003 
data set, it can be seen that the χ2aim inversely affects the spot filling factor. The 
spot occupancy map produced using the χ2aim of 0.55 shows that when the code is 
pushed to its limits, it begins to fit noise to the observed data thus including 
artefacts at the lower latitudes on the stellar surface that increase the spot filling 
factor. 
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(a)  (b)
(c)  
Figure 3.18: Spot Occupancy Maps of R58 2005 using χ2aim (a) 0.55; (b) 0.60; and (c) 0.65. The 
image is a flattened polar projection that extends down to -30° latitude with the thick circle as the 
stellar equator. The rotational phase and phase coverage of the data are represented by the numbers 
and ticks surrounding the flattened stellar image, respectively. Note that the lower the χ2aim is 
pushed, the more the code attempts to fit spot features that are artefacts. The resulting spot filling 
factors (percentage spot coverage) are (a) 0.079 (7.9%); (b) 0.068 (6.8%); and (c) 0.062 (6.2%). 
This shows that the lower the χ2aim, the higher the resulting percentage spot coverage and therefore 
the spot filling factor is inversely affected by the χ2aim. 
 
 
 An inclination angle comparison is again presented to show the effect of 
axial inclination on the resulting Doppler imaging map. Seen here in Figure 3.19, 
are spot occupancy maps of R58‟s stellar surface for the 2005 data set for 
inclination angles of (from top right, clockwise) 50° (inclination angle determined 
through χ2 minimisation for the 2003 R58 data set), 55° (determined through χ2 
minimisation), 70° (determined through calculation), and 60° (used as the 
inclination angle of this project). All reconstructed images, except for the map for 
the inclination angle of 70°, produce similar outputs, with an obvious increase in 
spot number with an increase of inclination angle.  
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50° 55°  
60° 70°  
Figure 3.19: Spot Occupancy Maps of R58 2005 (solar contaminated LSD profiles removed) for 
inclination angles (from top left, clockwise) 50°, 55°, 70°, and 60°. The images are flattened polar 
projections that extend down to -30° latitude with the thick circle as the stellar equator. The 
rotational phase and phase coverage of the data are represented by the numbers and ticks 
surrounding the flattened stellar images, respectively. Note the effect that the inclination angle has 
on the resultant spot occupancy map. 
 
Consistent features throughout all four inclination angles are the polar spot which 
extends down to the lower latitudes at phase ~0.62, and the individual lower 
latitude features are phases 0.40, 0.55, 0.70, and the feature that spans the phases 
0.85-0.90. 
The investigation carried out for the 2003 data set of R58‟s determined 
stellar parameters has also been presented here for the 2005 data set in Figures 
3.20 and 3.21 for radial velocity and v sin i, respectively. The variation of the 
parameters are given within the error bars of the original values, where radial 
velocity is 12.5  0.1 km s-1, and v sin i is 92.0  0.5 km s-1.  
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(a) (b)  
(c)  
Figure 3.20: Spot Occupancy Maps of R58 (2005 data set) for radial velocity (a) 12.5 km s
-1
, (b) 
12.4 km s
-1
, and (c) 12.6 km s
-1
. The images are flattened polar projections that extend down to -
30° latitude with the thick circle as the stellar equator. The rotational phase and phase coverage of 
the data are represented by the numbers and ticks surrounding the flattened stellar images, 
respectively. The changing radial velocity has minimal affect on the resultant spot occupancy map. 
 
It is again seen that the v sin i value alters the structure of the resulting spot 
occupancy maps, with only little affect shown due to changing the radial velocity 
measurement. 
Figure 3.22 shows the spot occupancy maps for the R58 2005 data where 
the even and odd profiles from the data set, have been plotted individually. This is 
an independent way to test the accuracy of the spot occupancy map presented in 
Figure 3.17. Although the polar feature appears to be of the same structure as that 
seen in Figure 3.17, lower latitude features have been fitted in both of the maps in 
Figure 3.22 that are not evident in Figure 3.17. This suggests that the final result 
may not be as robust as preferred. 
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(a) (b)  
(c)  
Figure 3.21: Spot Occupancy Maps of R58 (2005 data set) for v sin i (a) 91.5 km s
-1
, (b) 92.0 km s
-
1
, and (c) 92.5 km s
-1
. The images are flattened polar projections that extend down to -30° latitude 
with the thick circle as the stellar equator. The rotational phase and phase coverage of the data are 
represented by the numbers and ticks surrounding the flattened stellar images, respectively. Note 
the effect that the v sin i has on the resultant spot occupancy map, where the higher the v sin i, the 
more spots the code uses to fit the observed data. It is also seen that when the v sin i is increased, 
that equatorial smearing becomes apparent. 
 
 Spot occupancy maps of the first and second halves of the 2005 R58 
observation run have been presented in Figure 3.23 (a) and (b), respectively. Spot 
evolution over the course of the observation period can be seen by comparing 
these two images and identifying the differences in the spot features reconstructed 
on the stellar surface of the target. Here, it can be seen that, although the spot 
filling factor did not change significantly, the position of the features (especially 
the lower latitude features) did change. This suggests that differential rotation is 
present on this target. 
 
75 
 
(a) 
 
(b) 
 
Figure 3.22: Spot Occupancy Maps for the (a) even profiles of the R58 2005 data set; and (b) odd 
profiles of the R58 2005 data set. The images are flattened polar projections that extend down to -
30° latitude with the thick circle as the stellar equator. The rotational phase and phase coverage of 
the data are represented by the numbers and ticks surrounding the flattened stellar images, 
respectively. Both maps exhibit additional lower latitude features to that in Figure 3.12. However, 
the polar feature is of the same structure. 
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(a) 
 
(b) 
 
Figure 3.23: Spot Occupancy Maps for the (a) the first half of the profiles of the R58 2005 data 
set; and (b) the second half of the profiles of the R58 2005 data set. The images are flattened polar 
projections that extend down to -30° latitude with the thick circle as the stellar equator. The 
rotational phase and phase coverage of the data are represented by the numbers and ticks 
surrounding the flattened stellar images, respectively. The spot filling factors of these spot 
occupancy maps were computed to be 0.074 (7.4%) and 0.078 (7.8%), for the first half and the 
second half of the data set, respectively. Again, some spot evolution is evident throughout the 
observation run. 
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3.4 Surface Differential Rotation 
Differential rotation was undertaken here assuming that R58 would follow a 
simplified solar-like differential rotation law outlined in Chapter 1: 
 
   12sin  dradldl eq       (3.2) 
Where Ω(l) is the rotation rate at latitude l; 
Ωeq is the rotation rate at the equator; and 
dΩ is the rotational shear between the equator and the pole (the 
differential rotation). 
By incorporating this equation with the spot distribution of R58 determined in 
Section 3.3, the χ2 minimisation technique employed and tested by Petit et al. 
(2002) is used to create a map of each pair of varying dΩ and Ωeq values to 
determine which combination gives the „best fit‟ differential rotation for the 
target. Assuming Ωeq and dΩ are both free parameters, the use of a spot aim (the 
spot filling factor achieved from the χ2 minimisation of the spot occupancy maps) 
is needed to force the code to converge. By confining the spot coverage to a 
particular value predetermined through Doppler imaging, the code can then 
determine which combination of dΩ and Ωeq produce the best fit. This best guess 
measurement and the associated error are determined using fitmap, which is a 
script that uses a parabolic fit of a standard deviation of the measurement that 
encompasses more than 20 points to determine these values. 
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Figure 3.24: A plot of dΩ vs Ωeq for the χ
2
 minimisation of the differential rotation of the 2003 
R58 data set. The scale signifies the χ2 values reached for the given combinations of dΩ and Ωeq, 
converged on a spot aim of 0.071 or 7.1%. The darker the colour range, the lower the χ2 value. As 
can be seen in this plot signified by the black cross, the χ2 value reaches a minimum at a 
combination of Ωeq = 11.18 rad d
-1
 and dΩ = 0.11 rad d-1. A variation ellipse has been fitted to the 
plot to signify the errors associated with the differential rotation measurement due to varying the 
basic stellar parameters. The plot has been projected by ± 7σ on the axes for both dΩ and Ωeq. 
 
2003 
Figure 3.24 presents the resulting χ2 minimisation plot for the differential rotation 
of R58 for the 2003 data set. This plot was produced using a fixed spot filling 
factor (spot aim) of 0.071 or 7.1% as was determined from the Doppler imaging 
of the same data set in Section 3.3 (See Figure 3.9). Visually, it can be seen from 
the plot that a minimum χ2 value (the darker the colour scale, the lower the χ2 
value) occurs at an Ωeq of 11.180 rad d
-1
 and a dΩ of 0.11 rad d-1. 
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 The fitting of a paraboloid (of error 4σ) to the above χ2 minima using the 
code fitmap, yields results for Ωeq and dΩ of 11.182 ± 0.008 rad d
-1
 and 0.109 ± 
0.014 rad d
-1
, respectively (errors are to 1σ). Converting these values into days, 
we find a rotational period of 0.5619  0.0004 d and a rotational shear that means 
that the equator will lap the poles every 58  8 d. This shear is twice that of the 
Sun (dΩ

 = 0.055 rad d
-1
 (Berdyugina 2005)). The variation ellipse that is 
superimposed onto the plot in Figure 3.24 has been determined through the 
combination of all errors associated with the variation of the basic stellar 
parameters that have an effect on the overall differential rotation measurement. 
The individual plots of the differential rotation measurement for these errors can 
be located in Appendix C. 
 One of the parameters that adversely affect the differential rotation 
measurement is the χ2aim. This value inversely affects the spot filling factor that is 
determined through ZDICAM. Since this factor is used to converge the differential 
rotation measurement, the affects must be investigated. Figure 3.25 shows two 
differential rotation plots which examine the affect of changing this value by 
varying the χ2aim within the error bars (0.60  0.05). The resulting differential 
rotation measurements are Ωeq = 11.171 rad d
-1
 and dΩ = 0.086 rad d-1 for the 
minimum spot filling factor, and Ωeq = 11.184 rad d
-1
 and dΩ = 0.120 rad d-1 for 
the maximum spot filling factor. These values are two of the errors included in the 
variation ellipse seen in Figure 3.24. 
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        (a)      (b) 
 
Figure 3.25: Plots of the affect of using (a) a minimum spot filling factor of 0.062; and (b) a 
maximum spot filling factor of 0.084, on the χ2 minimisation of the differential rotation of the 
2003 R58 data set. For a minimum spot filling factor, the resulting differential rotation 
measurement is computed to be of Ωeq = 11.171 rad d
-1
 and dΩ = 0.086 rad d-1. For the maximum 
spot filling factor, the measurement is computed to be of Ωeq = 11.184 rad d
-1
 and dΩ = 0.120 rad 
d
-1
. 
 
This analysis of the change to the differential rotation measurement 
determined using this method was also analysed by Petit et al. (2002). It was 
concluded that altering the spot filling factor (within reasonable limits) did not 
significantly change the differential rotation measurement. This finding supports 
the results presented here. 
 
2005 
The differential rotation χ2 minimisation for the 2005 R58 data set is shown in 
Figure 3.26. A fixed spot aim of 0.068 (6.8%) was used to converge the code 
which was taken from the Doppler imaging of the 2005 R58 data (see Figure 
3.17).  
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Figure 3.26: A plot of dΩ vs Ωeq for the χ
2
 minimisation of the differential rotation of the 2005 
R58 data set. The scale signifies the χ2 values reached for the given combinations of dΩ and Ωeq, 
converged on a spot aim of 0.068 or 6.8%. The darker the colour range, the lower the χ2 value. As 
can be seen in this plot, the χ2 value reaches a minimum at a combination of Ωeq = 11.24 rad d
-1
 
and dΩ = 0.19 rad d-1. A variation ellipse has been fitted to the plot to signify the errors associated 
with the differential rotation measurement due to varying the basic stellar parameters. The plot has 
been projected by ± 7σ on the axes for both dΩ and Ωeq. 
 
As in Figure 3.26, the χ2 scale lowers with a darkening colour range and the code 
determines a visible minimum χ2 at values of Ωeq and dΩ, of 11.24 rad d
-1
 and 
0.19 rad d
-1
, respectively. Also, a variation ellipse has been superimposed onto the 
plot of R58 2005 differential rotation to show the variation in this measurement 
due to the variation of the basic stellar parameters. The individual plots of the 
differential rotation due to the variation of these parameters are given in Appendix 
C. 
 
 
 
 
 
82 
 
        (a)      (b) 
 
Figure 3.27: Plots of the affect of using (a) a minimum spot filling factor of 0.062; and (b) a 
maximum spot filling factor of 0.079, on the χ2 minimisation of the differential rotation of the 
2003 R58 data set. For a minimum spot filling factor, the resulting differential rotation 
measurement is computed to be of Ωeq = 11.235 rad d
-1
 and dΩ = 0.169 rad d-1. For the maximum 
spot filling factor, the measurement is computed to be of Ωeq = 11.231 rad d
-1
 and dΩ = 0.188 rad 
d
-1
. 
 
 After running the 2005 R58 χ2 minimisation, fitting a paraboloid to a level 
of 4σ, the values for Ωeq and dΩ were computed to be 11.240 ± 0.013 and 0.195 ± 
0.024 rad d
-1
, respectively. In terms of rotational period and shear, these values 
translate to an equatorial rotation period of 0.5590  0.0006 d where the equator 
laps the poles every 32  4 d. The shear, in comparison to that of the 2003 R58 
data set, seems to be „winding up‟ and is now approximately 3.5 times that of the 
Sun‟s shear. 
 The investigation of the affect of the spot filling factor (χ2aim) on the 
differential rotation measurement carried out for the 2003 data set has also been 
undertaken here (Figure 3.27). Using the same error bars for the χ2aim as for the 
2003 data set of 0.60  0.05, the resulting differential rotation measurements are 
Ωeq = 11.235 rad d
-1
 and dΩ = 0.169 rad d-1 for the minimum spot filling factor, 
and Ωeq = 11.231 rad d
-1
 and dΩ = 0.188 rad d-1 for the maximum spot filling 
factor. These values have been included in the variation ellipse projected onto 
Figure 3.26. 
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 Petit et al. (2002) examined the influence of varying the spot filling factor 
on the resulting differential rotation measurement and established that there was 
no significant change. Similarly to the 2003 R58 data set, this was also the case 
for the 2005 R58 data set. 
 
3.5 Discussion 
Throughout this chapter the observations of R58 from both 2003 and 2005 have 
been presented, reduced, and analysed using the technique of Doppler imaging. 
For the 2003 data set, the solar contamination that was evident throughout the 
profiles was removed using MOONSUB8, however the contamination was so small 
for the 2005 data set that the affected profiles were removed completely instead. 
Known fundamental parameters of R58 were listed and then examined 
independently through the maximum entropy code to find that most values were 
within the error bars, with the one exception, being the radial velocity. The 
temporal change in the radial velocity of the target when consistently calibrated 
against the telluric lines for all epochs presented (Epoch 2000 = 12.7 km s
-1
; 
Epoch 2003 = 20.7 km s
-1
; Epoch 2005 = 12.5 km s
-1
), signifies the strong 
possibility that it is a component of a binary system. Spot occupancy maps were 
presented at an inclination angle of 60° (in line with Marsden et al. 2005), but 
through using the χ2 minimisation technique, inclination angles of 50° and 55° 
were resolves for the 2003 and 2005 data sets, respectively. 
Comparison plots of the target‟s stellar surface at inclination angles of 50°, 
55°, 60°, and 70° (for the 2003 data set) and 50°, 60°, and 70° (for the 2005 data 
set) were investigated to show the effect of this parameter on the resulting output. 
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This showed that most inclination angles reconstructed similar maps, but at the 
higher inclination angle of 70° the code fitted more spots to the observed data than 
for the lower inclination angles. These maps for both 2003 and 2005 data sets 
show that R58 exhibits a large polar spot which extends down to 30° and very few 
lower latitude features (see Figures 3.9 and 3.17). 
Since spot evolution was seen from the spot occupancy plots of the first 
and second halves of the data sets from both observation runs (2003 and 2005), it 
was insinuated that differential rotation was present for both data sets. Using the 
spot occupancy outputs, a χ2 minimisation was run to determine the differential 
rotation of R58 for both data sets (see Figures 3.24 & 3.26) which determined that 
the values for the parameters of Ωeq and dΩ were 11.182 ± 0.008 and 0.109 ± 
0.014 rad d
-1
 for the 2003 data set, and 11.240 ± 0.013 and 0.195 ± 0.024 rad d-1 
for the 2005 data set. This suggests that R58 in 2003 had an equatorial rotation 
period of 0.5619  0.0004 d and the equator lapped the poles every 58  8 d. In 
2005, the rotation period was determined to be 0.5590  0.0006 d with the equator 
lapping the poles every 32  4 d. These values are 2 and 3.5 times that of the solar 
shear, respectively. This difference is visibly shown in Figure 3.28 which plots a 
comparison, including the respective variation ellipses, of these two differential 
rotation measurements. It can be seen from the plot that the R58 2005 data was 
not as accurate as the 2003 data.  
 
85 
 
 
Figure 3.28: A comparison plot of dΩ vs Ωeq for the differential rotation of both the 2003 and the 
2005 R58 data sets. As can be seen in this comparison, the χ2 values are markedly different, 
however the variation ellipses overlap, suggesting that there is error associated in the values. It can 
also be seen that the R58 2005 differential rotation measurement is not as accurate as the 2003 
measurement. 
 
 Seen in the results is a prominent polar spot feature on the stellar surface 
of R58. This spot features through all epochs that have so far been observed. 
Figure 3.29 shows the spot occupancy maps for (a) the previous R58 observations 
taken in 2000 (taken from Marsden et al. 2005), (b) the 2003, and (c) the 2005 
data sets analysed in this project. The common features through all maps are the 
polar spot (which extends down to lower latitudes on one side of the star only) 
and the few scattered lower latitude features. Current models of rapid rotators 
predict high latitude features, but do not explain the occurrence of the polar spot 
feature consistently seen on the stellar surface of R58. The presence of this feature 
in both spot occupancy maps could be the result of continuous poleward migration 
of lower latitude spot features or that they are a permanent feature located at the 
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pole of R58. More temporal observations would be needed to determine which of 
these the cause is. 
High latitude features are explained by Schüssler & Solanki (1992) who 
show that the Coriolis force causes the rising flux tubes from the base of the 
convection zone to travel poleward, parallel to the axis of rotation. However, this 
force alone does not cause the flux tubes to surface at the pole. Other theories 
follow the idea of Schüssler & Solanki (1992), to explain high latitude features on 
rapidly rotating solar-type (e.g. Schrijver & Title (2001); Mackay et al. (2004)), 
however there are no current accepted theories that fully explain the polar spot 
feature which is observed on almost all of the young, solar-type stars analysed to 
date. 
The current lack of an explanation for polar spot features probably means 
that there must be another mechanism at work within the stellar dynamo of 
rapidly rotating solar-type stars that is contributing to the formation of polar spots. 
Donati et al. (2003) suggests the idea of a distributed dynamo to explain the 
presence of both the polar spot and the lower latitude features seen on many solar-
type stars. The distributed dynamo suggests the operation of the dynamo being 
„distributed‟ throughout the convection zone instead of only at the interface 
between the radiative and convective zones (see also Donati et al. (1992, 1999); 
Donati & Cameron (1997); Donati (1999)) and thus resulting in both high and low 
latitude spot features. A suggested extension to the current solar-type dynamo 
theory involves strong meridional flow.  
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(a)   
(b)   
(c)   
Figure 3.29: Spot Occupancy Map for R58 in (a) 2000 (Image taken from Marsden et al. (2005)); 
(b) 2003; and (c) 2005. The images are flattened polar projections that extend down to -30° 
latitude with the thick circle as the stellar equator. The rotational phase and phase coverage of the 
data are represented by the numbers and ticks surrounding the flattened stellar images, 
respectively. By looking at all three maps, the main consistent surface feature of R58 is the large 
polar spot which extends down to latitude 30° with tails also extending past 60° latitude. Lower 
latitude features between 60° and 90° are also present in all three maps. 
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Schrijver & Title (2001) and Mackay et al. (2004) investigated this theory and 
inferred that spots that erupt at the lower latitudes through flux tube emergence 
are drifted towards the poles through meridional flow over the surface of the star 
and governed by the stellar differential rotation. This would lead to a 
conglomeration of many smaller spot features at the pole, creating one large polar 
spot. 
 Since R58 exhibits both a large polar spot and lower latitude features, it 
could be suggested that the theory advanced by Donati et al. (2003) of a 
distributed dynamo would fit the observations. However, the idea of the 
meridional flow starspots from the lower latitudes to the poles (e.g. Schrijver & 
Title (2001); Mackay et al. (2004)) would also fit the results for R58. In addition, 
the shape of the polar spot would support the latter theory since the spot seen at 
the pole of R58 extends down towards the equator. This could suggest a mass 
movement of smaller spot features migrating from the lower latitudes to the pole. 
It should be kept in mind that small spot features of the magnitude of those seen 
on the surface of the Sun cannot be resolved individually through the technique 
employed in this project. Consequently, many smaller spots located in the same 
area on the star may be seen as one large spot feature. 
 In the Sun, the solar dynamo is driven by differential rotation. The 
differential rotation twists the magnetic fields within the Sun until thin flux tubes 
are forced to erupt at the solar surface producing activity indicators such as 
sunspots. A similar process drives the dynamo in stars although generally on a 
much larger scale. R58‟s differential rotation measurement was calculated to be 2 
and 3.5 times (for the 2003 and 2005 data sets, respectively) that of the Sun‟s. 
This means that R58 is more strongly winding its poloidal magnetic field lines 
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(running axissymetric) into a toroidal state (running east-west), and in turn 
twisting the field lines, causing more spots to erupt at the stellar surface due to 
non-axissymetric instability (Spruit & Van Ballegooijen 1982). 
An evolution of R58‟s differential rotation is also seen when the results 
from this project are compared to that of the observations taken in 2000. The 
resulting lap time determined for this 2000 data was reported to be 250 d. This is 
some 5 times less than the measurements determined here suggesting that the 
differential rotation of R58 is changing over time. 
Mentioned earlier in this section was the significant temporal variation of 
the parameter of R58‟s radial velocity (listed in Table 3.4 and shown in Figure 
3.30) and that this suggests that R58 is a component of a binary system. This 
variation was first identified by Marsden (2004) between the epochs of 2000 
January and 2000 March, with a variation of ~4 km s
-1
. This variation has further 
been confirmed with radial velocities determined for R58 of 20.7 and 12.5 km s
-1
, 
respectively for the epochs 2003 March and 2005 February. To validate the 
stability of the radial velocity measurements taken and compared here, the same 
process was used for all epochs. The values were also calibrated against the 
telluric lines during the reduction phase of the Doppler imaging method utilised 
within this project. This calibration method ensures that the same spectral lines 
are used for all epochs with no variation that could affect the resulting radial 
velocity measurement. 
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Table 3.4: Comparison of R58‟s Radial Velocity of 4 Epochs (values taken from a Marsden et al. 
2005 and this work) 
Observation Epoch Radial Velocity Measurement (km s
-1
) 
2000 Jan 
a 
12.7 ± 0.1 
2000 Mar 
a 
17.0 ± 1 
2003 Mar 20.7 ± 0.1 
2005 Feb 12.5 ± 0.1 
 
 
 
 
 
 
Figure 3.30: Plot of R58‟s Radial Velocity of 4 Epochs (values taken from Marsden et al. 2005 
and this work). It cannot be clearly determined from this plot of R58‟s changing radial velocities 
over the epochs shown, what the period of the companion star would be, therefore more temporal 
observations are needed to calculate this period. 
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It was suggested by Marsden (2004) that the companion of R58 would be 
at least 100 times fainter than R58 since there was no sign of a companion in the 
LSD profiles. This is confirmed from the work undertaken here, since again, there 
was no sign of a companion during the analysis of the LSD profiles for both the 
2003 and the 2005 data sets. Marsden (2004) goes on to imply that the companion 
would be of an early-M type or later due to this faintness as well as R58‟s distance 
and visual magnitude. By looking at the temporal variation of the radial velocities 
listed in Table 3.4, and also that there was no variation of the radial velocity 
throughout any of the data sets analysed, suggests that R58 is in a wide binary.  
At closer inspection of the radial velocity measurements listed in Table 
3.4, it can be seen that this value started at 12.7 km s
-1
, reached a value of 20.7 km 
s
-1
 in 2003, and in 2005 was back down to 12.5 km s
-1
. This could suggest that 
R58‟s component has an orbital period of ~10 yrs, however more concentrated 
analysis would be needed to be carried out in order to determine an exact period 
of this binary system. 
 In summary, this chapter has presented the results of analysis carried out 
for observations taken in both 2003 and 2005 of the solar-analogue R58. The 
results have showed that R58 exhibits visual signs of a high activity level as well 
as differential rotation indicative of young, active, solar-type stars. R58 is also 
probably a component of a wide binary system with an M-type or later stellar 
companion. 
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Chapter 4 
Doppler Imaging of LQ Lup 
 
The post T Tauri star (pTTS) LQ Lup, is a young, very rapidly rotating star (v sin 
i = 115 km s
-1
; rotational period = 0.31 d, Donati et al. 2000), and is located near 
the Lupus star-forming region in the southern hemisphere. As is the case for R58, 
previous analysis of spectroscopic observations of LQ Lup in 1997 has shown that 
it exhibits starspot features of a non-axisymetric nature on its surface (Donati et 
al. 2000). These studies also made evident that LQ Lup, at that time, had a 
significant differential rotation with a photospheric shear of 2 to 3 times that of 
our Sun. In this chapter, the larger, more comprehensive data set of observations 
of LQ Lup taken in 2002 and its subsequent data analysis will be presented, 
including the target‟s known and derived fundamental parameters. From this 
analysis, new conclusions regarding LQ Lup‟s surface spot features, and its 
differential rotation will be made. 
 
4.1 Observations 
In 2002 April-May, Dr. Brad Carter and Mr. Matthew Mengel (of the University 
of Southern Queensland), and Dr. Stephen Marsden collected spectroscopic data 
of LQ Lup over a 7 night period from the April 26
th
 to May 2
nd
 inclusive, and has 
kindly been made available for this project. LQ Lup was observed on every night 
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to ensure maximum phase coverage for data analysis. As with R58, the 
instrumentation set-up used for this observation run is described in Section 2.2, 
but the EEV2 CCD image area was only binned in the cross-dispersion direction 
(horizontal direction). 
The main target for the 2002 March-April observation run was LQ Lup 
and therefore a total of 340 potentially usable exposures were obtained (334 
profiles actually used). With a visual magnitude of 10.6, exposure duration was 
selected to be 500 s for every LQ Lup exposure (1.8% of the rotational period). 
As mentioned in Section 3.1, this exposure duration ensures that enough light is 
gathered for effective data analysis. Even though LQ Lup‟s visual magnitude is 
the same as R58‟s, the exposure duration needed to be reduced (R58 exposure 
duration = 600 s (see Section 3.1)) to prevent rotational blurring due to LQ Lup‟s 
more rapid rotation (v sin i = 115 km s
-1
). 
 Unfortunately, the observation run was plagued with cloud and poor 
seeing (between 1.5 and 3.5 arcsec) for the majority of the run. However, the 
clouds departed towards the end of the run (the May 1
st
 and 2
nd
) and seeing 
became more acceptable (between 1.0 and 2.0 arcsec). Throughout the course of 
the run, 1 x 60 s moon exposure was taken every night for comparative purposes. 
A log of the 2002 LQ Lup observations is shown in Table 4.1. 
 
4.2 Fundamental Parameters 
LQ Lup has been listed as having an age of 25 Myr (Donati et al. 2000). This age, 
plus the lack of an optically thick accretion disc surrounding the star, makes LQ 
Lup of the post T Tauri Star (pTTS) stellar class (Donati et al. 2000).  
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Table 4.1: Log of spectroscopic observations of LQ Lup for the AAT observation run 2002 April 
26
th – May 2nd. The first two columns list the observation date in Universal Time (UT) and 
exposure number (which are not necessarily in sequential order since other targets were also 
observed during the run). Columns 3 & 4 list the Universal Time (UT) start time and end time of 
the exposures, respectively. The last two columns list the exposure time in seconds, and the phase 
at which the target was observed. The phase is with respect to a rotational period of 0.3100 d and 
taking the zero phase as being approximately half-way through the run. 
 
UT Date Exposure 
Number 
UT Start UT End Exposure 
Time (s) 
No. Of 
Frames 
Phase 
2002 Apr 26 22-27 13:04 15:39 500 6 -10.1100 to -9.7816 
 29-34 15:42 18:17 500 6 -9.7558 to -9.4265 
 36-42 18:34 19:40 500 7 -9.3706 to -9.2413 
2002 Apr 27 28-30 09:18 09:50 500 3 -7.3903 to -7.3377 
 34-39 09:59 10:58 500 6 -7.2974 to -7.1845 
 41-44 11:01 11:38 500 4 -7.1584 to -7.0939 
 46-51 11:44 12:42 500 6 -7.0639 to -6.9510 
 53-60 12:46 16:22 500 8 -6.9248 to -6.4581 
 62-63 16:26 16:44 500 2 -6.4319 to -6.4100 
 65-83 16:47 19:50 500 19 -6.3835 to -5.9926 
2002 Apr 28 33-44 09:14 11:12 500 12 -4.1723 to -3.9265 
 46-55 11:16 12:50 500 10 -3.9003 to -3.7071 
 57-70 12:54 15:01 500 14 -3.6890 to -3.4145 
2002 Apr 29 24 09:56 10:05 500 1 -0.8526 
 26-29 10:08 10:45 500 4 -0.8268 to -0.7626 
 35-41 11:27 12:34 500 7 -0.6484 to -0.5171 
 43-46 13:09 13:46 500 4 -0.4206 to -0.3561 
 48-49 14:22 14:57 500 2 -0.2561 to -0.1968 
 52-62 16:09 17:59 500 11 -0.0171 to 0.2097 
 64-73 18:02 19:37 500 10 0.2352 to 0.4287 
2002 Apr 30 30-44 08:52 11:15 500 15 2.2290 to 2.5300 
 46-60 11:18 13:40 500 15 2.5555 to 2.8565 
 63-77 13:47 16:09 500 15 2.8900 to 3.1906 
 79-97 16:13 19:14 500 19 3.2161 to 3.6039 
 100-101 19:21 19:40 500 2 3.6390 to 3.6629 
2002 May 01 27-41 08:37 10:59 500 15 5.4210 to 5.7216 
 43-57 11:02 13:25 500 15 5.7471 to 6.0481 
 60-74 13:31 15:54 500 15 6.0810 to 6.3819 
 76-90 15:57 18:20 500 15 6.4074 to 6.7084 
 92-99 18:25 19:41 500 8 6.7390 to 6.8897 
2002 May 02 27-41 08:52 11:15 500 15 8.6806 to 8.9816 
 43-57 11:20 13:43 500 15 9.0129 to 9.3139 
 61-75 14:09 16:32 500 15 9.3919 to 9.6929 
 77-86 16:35 18:10 500 10 9.7184 to 9.9119 
 88-96 18:13 19:38 500 9 9.9377 to 10.1097 
 
 
LQ Lup exhibits extremely rapid rotation of v sin i = 115 km s
-1
 which coupled 
with the low inclination angle yields an equatorial rotational period of 0.31 d 
(Donati et al. 2000). This target has a visual magnitude of 10.6 and is associated 
with the Lupus star forming region in the southern hemisphere sky which is listed 
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as having a distance of ~150 pc (Wichmann et al 1999). Figure 4.1 shows an 8.5 x 
8.5 arcmin image of the location of LQ Lup as taken from NASA SkyView 
(available at: http://skyview.gsfc.nasa.gov). This image was used during 
observation runs as a finder chart.  
The earlier presented Table 2.1 lists the currently accepted values for 
known fundamental parameters of LQ Lup. Presented in Table 4.2 are values 
determined through the use of the maximum entropy code used to undertake 
Doppler imaging of the target as well as the previously accepted corresponding 
values taken from Donati et al. (2000). These parameters have been established by 
selecting the value that gives the best fit to the data (in most cases, when the 
statistical value, χ2, is at a minimum) (Barnes et al. 2000), a process which has 
also been outlined in Section 2.5.1. 
The χ2 minimisation plots for the radial velocity and inclination angle 
resulting from the above process are shown in Figures 4.2 and 4.3, respectively. 
As is expected with this process, both curves fall to a minimum χ2 value where the 
value for the parameter being investigated produces the best fit, and then begin to 
rise again, making the most suitable value for the parameter evident. 
Also, by using the following calculation to determine the inclination angle: 
R
ivP
i
.2
sin.
sin

         (3.1) 
i is calculated to be 35°, which is in agreement with both the previous value as 
well as being similar to that computed through the χ2 minimisation method used 
here. 
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Figure 4.1: LQ Lup finder chart showing the location of the target star (circled). Image from 
NASA SkyView available at: http://skyview.gsfc.nasa.gov/cgi-
bin/runquery.pl?Interface=quick&Position=RX+J1508.6-4423&SURVEY=Digitized+Sky+Survey 
 
 When comparing the derived fundamental parameters from this work to 
previous work, it can be seen from Table 4.2, that the values are within the errors 
bars of Donati et al. (2000) and are therefore consistent. Since the radial velocity 
has remained relatively the same as that reported in Donati et al. (2000), it is 
concluded that there is a lack of evidence to suggest LQ Lup is a component of a 
binary system. 
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Table 4.2: Derived Fundamental Parameters of LQ Lup from previous work (
a
 Donati et al. 
(2000)) and determined as for this work. 
Parameter 1997 Value 
a 
2002 Value 
v sin i 115 ± 1 km s-1 115.5 ± 1 km s-1 
Radial Velocity 7 ± 1 km s-1 6.0 ± 0.5 km s-1 
Inclination 30° 30° ± 10° 
Equatorial rotational period 0.31 d 0.3101 d 
 
 
 
 
Figure 4.2: χ2 minimisation for the radial velocity of LQ Lup. Shown in this plot is the χ2 
minimisation technique used to determine the radial velocity of LQ Lup gives a minimum (red and 
labelled data point) at 6.0 km s
-1
. This value is within the error bars of the previously determined 
value of 7 ± 1 km s-1. 
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Figure 4.3: χ2 minimisation for the inclination of LQ Lup. This curve represents the results of the 
χ2 minimisation technique used to determine the most fitting value for the inclination angle of LQ 
Lup. As seen above, the curve reaches a minimum at 30° (red and labelled data point) and 
therefore is the derived value for the inclination angle of LQ Lup and is within the error bars of the 
previously determined value of 35° ± 5°. 
 
 
 
4.3 Surface Features 
The following section presents the surface features of LQ Lup determined through 
the use of the Doppler imaging code ZDICAM (see Section 2.5). After initial data 
reduction using the ESpRIT package (see Section 2.3) and a first run through the 
maximum entropy code, it was determined that there was significant solar 
contamination evident in the data set. This contamination was removed using the 
IDL program MOONSUB8 (see Section 2.5 for solar contamination removal 
procedure). Shown in Figure 4.4(a)(b), are the LSD profiles for the data set prior 
to solar contamination removal and Figure 4.6(a)(b) shows the fits after 
contamination removal. As can be seen in Figure 4.6(a)(b) in comparison to 
Figure 4.4(a)(b), there are no „dips‟ in the central regions of the profiles which 
would signify contamination. Figure 4.5 is the resulting spot occupancy map for 
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the solar contaminated profile. A distinct „hole‟ is present in this map in 
comparison to the spot occupancy map produced from the profiles that have had 
the solar contamination removed (Figure 4.7). 
A χ2aim of 1.0 was used to fit the modelled profiles to the contamination 
removed observed data. In comparison to the χ2aim used for the R58 data sets, this 
aim is fairly high. This is due to the significantly larger data set of LQ Lup 
compared with that of R58, with a total of 334 profiles in total used (in 
comparison to 122 and 96 profiles for the 2003 and 2005 R58 data sets, 
respectively).  
Differential rotation also has an effect on the Doppler imaging taken over 
the entire week of observations and has therefore been taken into account when 
fitting the observed data to ensure a more accurate fit. Cloud was encountered 
periodically throughout the observation run, especially early on in the run. This 
introduced noise into the data as can be seen in the first and third column in 
Figure 4.4(a), and the second column of Figure 4.4(b). Having significant 
amounts of noise in the data distorts the line profiles being fitted making it 
difficult for the code to fit the observed profiles with the model. Some of the more 
severely affected profiles were removed from the data set (6 profiles) to allow the 
code to converge more easily on a minimum, but noise is still present in the data 
set. 
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Figure 4.4(a): First half of the LSD profiles for LQ Lup with solar contamination. The thin lines 
are the observed LSD profiles, and the thick lines are the modelled profiles. The rotational phasing 
of each observation is listed to the right of each profile. The level of solar contamination is clearly 
evident in this graphic, especially in the first column. It is also seen that the model is attempting to 
fit the solar contamination which results in a „hole‟ at the pole of the spot occupancy map. This 
particular data set was also affected by cloud cover which causes the profile to contain large 
amounts of noise (as seen towards the end of column 3). 
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Figure 4.4(b): Second half of the LSD profiles for LQ Lup with solar contamination. The thin lines 
are the observed LSD profiles, and the thick lines are the modelled profiles. The rotational phasing 
of each observation is listed to the right of each profile. The level of solar contamination is again 
clearly evident, especially in the second column where the moonlight element of the 3
rd
 profile 
almost reaches the end of the column. It is also seen that the model is attempting to fit the solar 
contamination which results in a „hole‟ at the pole of the spot occupancy map. 
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Figure 4.5: Spot Occupancy Map of LQ Lup with solar contamination. The image is a flattened 
polar projection that extends down to -30° latitude with the thick circle as the stellar equator. The 
rotational phase and phase coverage of the data are represented by the numbers and ticks 
surrounding the flattened stellar image, respectively. The affect of the solar contamination is 
clearly seen by the „hole‟ at the pole of the image.  
 
 The spot occupancy map produced from the fits in Figure 4.6(a)(b) is 
given in Figure 4.7, and has been mapped with a spot occupancy of 0.067 (6.7% 
spottedness of the stellar surface). As can be seen by the radial ticks, the 334 
profiles provide full phase coverage of the stellar surface. There are two types of 
main stellar surface features seen in this flattened polar projection image of LQ 
Lup, the large polar spot and the three distinct mid to lower latitude features 
present at phases 0.00 to 0.10. The polar spot is featured most predominately 
down to latitude +60°, however, from phase 0.50 to 0.95, the polar spot extends 
further to the lower latitudes towards the equator resulting in a significantly off-
centre polar spot feature. 
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Figure 4.6(a): First half of the LSD profiles for LQ Lup (solar contamination removed). The thin 
lines are the observed LSD profiles, and the thick lines are the modelled profiles. The rotational 
phasing of each observation is listed to the right of each profile. These profiles have been fitted to 
a χ2aim of 1.0. 
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Figure 4.6(b): Second half of the LSD profiles for LQ Lup (solar contamination removed). The 
thin lines are the observed LSD profiles, and the thick lines are the modelled profiles. The 
rotational phasing of each observation is listed to the right of each profile. These profiles have 
been fitted to a χ2aim of 1.0. 
 
 
105 
 
 
 
Figure 4.7: Spot Occupancy Map of LQ Lup (solar contamination removed). The image is a 
flattened polar projection that extends down to -30° latitude with the thick circle as the stellar 
equator. The rotational phase and phase coverage of the data are represented by the numbers and 
ticks surrounding the flattened stellar image, respectively. The spot filling factor (percentage spot 
coverage) is 0.067 (6.7%). The „hole‟ that is evident in Figure 4.5 has now been filled in since the 
solar contamination has been removed from the data. 
 
 
Figure 4.8 shows a comparison of LQ Lup spot occupancy maps produced 
using differing χ2aim values. These plots emphasise the affect that the χ
2
aim has on 
the percentage spot coverage, where the lower the χ2aim, the higher the spot filling 
factor. The choice of χ2aim is important so that the resulting spot occupancy maps 
are not fitting noise, as shown in the map (a); or not fitting enough information, as 
shown in map (c). It is also seen that the noise mainly fitted to the lower latitudes.  
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(a)  (b)
(c)  
Figure 4.8: Spot Occupancy Maps of LQ Lup using χ2aim (a) 0.80; (b) 0.90; and (c) 1.00. The 
image is a flattened polar projection that extends down to -30° latitude with the thick circle as the 
stellar equator. The rotational phase and phase coverage of the data are represented by the numbers 
and ticks surrounding the flattened stellar image, respectively. Note that the lower the χ2aim is 
pushed, the more the code attempts to fit spot features that are artefacts. The resulting spot filling 
factors (percentage spot coverage) are (a) 0.074 (7.4%); (b) 0.067 (6.7%); and (c) 0.063 (6.3%). 
This shows that the lower the χ2aim, the higher the resulting percentage spot coverage and therefore 
the spot filling factor is inversely affected by the χ2aim. 
 
An investigation of the effect of the inclination angle on the spot 
occupancy map of LQ Lup was carried out to test the effect that a different 
inclination angle has on the modelled maps. Figure 4.9 gives spot occupancy 
maps for the stellar surface at inclination angles of 30° (determined through χ2 
minimisation in this project), 35° (determined through calculation), and 40° (i.e. 
35° ± 5°). Inclination of 35° yields a similar output to that of 30° (used for this 
project), however produces some lower latitude features that are not present for 
the 30° map. An inclination angle of 40° on the other hand, produces spot features 
that are more smeared over the stellar surface and almost filling the lower 
latitudes around phases 0.65 to 0.90. 
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30° 35°  
40°  
Figure 4.9: Spot Occupancy Maps of LQ Lup (solar contamination removed) for inclination angles 
(from top left, clockwise) 30°, 35°, and 40°. The images are flattened polar projections that extend 
down to -30° latitude with the thick circle as the stellar equator. The rotational phase and phase 
coverage of the data are represented by the numbers and ticks surrounding the flattened stellar 
images, respectively. Note the effect that the inclination angle has on the resultant spot occupancy 
map.  
 
By including an investigation of the affect on the resulting spot occupancy 
map of the determined stellar parameters of radial velocity and v sin i, as well as 
the previously presented inclination angle, the accuracy of the values as well as 
the maps, can be established. Figures 4.10 and 4.11 present spot occupancy maps 
of LQ Lup with varying radial velocity and v sin i measurements, respectively. 
The variation of the parameters are given within the error bars of the original 
values, where radial velocity is 6.0  0.5 km s-1, and v sin i is 115.5  1.0 km s-1. 
The v sin i values change the appearance of the reconstructed spot occupancy 
maps. In particular, equatorial smearing of the spot features becomes apparent 
when the v sin i value is at its upper limit.  
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(a) (b)  
(c)  
Figure 4.10: Spot Occupancy Maps of LQ Lup for radial velocity (a) 6.0 km s
-1
, (b) 5.5 km s
-1
, and 
(c) 6.5 km s
-1
. The images are flattened polar projections that extend down to -30° latitude with the 
thick circle as the stellar equator. The rotational phase and phase coverage of the data are 
represented by the numbers and ticks surrounding the flattened stellar images, respectively. As 
also seen in the R58 reconstructions, the radial velocity measurement has little affect on the maps 
presented here.  
 
The radial velocity measurement however, does not significantly change the 
resulting reconstructions. 
The robustness of the LQ Lup spot occupancy map is tested by 
independently mapping only the odd and even profiles, individually, from the LQ 
Lup data set. The maps can be seen Figure 4.12. It is seen that the maps are almost 
identical in structure thus showing the result is significant. 
 
 
109 
 
(a) (b)  
(c)  
Figure 4.11: Spot Occupancy Maps of LQ Lup for v sin i (a) 114.5 km s
-1
, (b) 115.5 km s
-1
, and (c) 
116.5 km s
-1
. The images are flattened polar projections that extend down to -30° latitude with the 
thick circle as the stellar equator. The rotational phase and phase coverage of the data are 
represented by the numbers and ticks surrounding the flattened stellar images, respectively. Note 
the effect that the v sin i has on the resultant spot occupancy map, where the higher the v sin i, the 
more spots the code uses to fit the observed data. It is also seen that when the v sin i is increased, 
that equatorial smearing becomes apparent. 
 
 Figure 4.13 shows the spot occupancy maps produced by only using the 
profiles from (a) April 26
th
-28
th
; (b) April 29
th
-30
th
; and (c) May 1
st
-2
nd
. This data 
set split and analysis was undertaken to determine if there is any obvious spot 
evolution (indicator of differential rotation and dynamo process) throughout the 
course of the observation run. Some evolution is evident however it is confined to 
the lower latitudes of the target. This gives a good indication of the presences of 
differential rotation. 
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(a) 
 
(b) 
 
Figure 4.12: Spot Occupancy Maps for the (a) even profiles of the LQ Lup data set; and (b) odd 
profiles of the LQ Lup data set. The images are flattened polar projections that extend down to -
30° latitude with the thick circle as the stellar equator. The rotational phase and phase coverage of 
the data are represented by the numbers and ticks surrounding the flattened stellar images, 
respectively. The maps shown here are almost identical in structure thus proving the robustness of 
the result. 
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(a)  
(b)  
(c)  
Figure 4.13: Spot Occupancy Maps for LQ Lup using only (a) the profiles from April 26
th
-28
th
; (b) 
the profiles from April 29
th
-30
th
; and (c) the profiles from May 1
st
-2
nd
. The images are flattened 
polar projections that extend down to -30° latitude with the thick circle as the stellar equator. The 
rotational phase and phase coverage of the data are represented by the numbers and ticks 
surrounding the flattened stellar images, respectively. The spot filling factors determined are 0.072 
(7.2%), 0.068 (6.8%), and 0.075 (7.5%), for (a), (b), and (c), respectively. Spot evolution is 
evident but only at the lower latitudes. 
 
112 
 
 
Figure 4.14: A plot of dΩ vs Ωeq for the χ
2
 minimisation of the differential rotation of LQ Lup. The 
scale signifies the χ2 values reached for the given combinations of dΩ and Ωeq, converged on a 
spot aim of 0.067 or 6.7%. The darker the colour range, the lower the χ2 value. As can be seen in 
this plot, the χ2 value reaches a minimum at Ωeq = 20.27 rad d
-1
 and dΩ = 0.10 rad d-1 which is 
signified by the black cross. A variation ellipse has also been superimposed on the plot to show the 
variation of the differential rotation measurement when the basic stellar parameters are varied 
within their individual errors. The plot has been projected by ± 15σ on the axes for both dΩ and 
Ωeq. 
 
4.4 Surface Differential Rotation 
Petit et al. (2002) method for χ2 minimisation for differential rotation was 
employed again for LQ Lup which follows the solar-like differential rotation law 
outlined in Chapter 1. Using a fixed spot aim of 0.067 as determined from the χ2 
minimisation of the spot occupancy of LQ Lup (Section 4.3), the output, Figure 
4.14, was determined. Figure 4.14 shows the plot of the resulting χ2 values for the 
various combinations of Ωeq and dΩ where the scale is the lower the χ
2
, the darker 
the colour range. A minimum χ2 is seen to be at a combination of Ωeq = 20.27 rad 
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d
-1
 and dΩ = 0.10 rad d-1. A variation ellipse has been superimposed on the plot to 
show the variation in the differential rotation measurement due to the varying of 
the basic stellar parameters within their individual errors. The individual 
differential rotation plots for each of the stellar parameter variations can be 
located in Appendix C. 
 By fitting a paraboloid of 10σ to the data output from the χ2 minimisation 
using the script fitmap (which is a script that uses a parabolic fit of a standard 
deviation of the measurement that encompasses more than 20 points to determine 
these values), more accurate values of Ωeq and dΩ are determined to be 20.268 ± 
0.002 rad d
-1
 and 0.097 ± 0.004 rad d-1, respectively. These values mean that LQ 
Lup, for this data set, was computed to have an equatorial rotation period of 
0.3100  0.00004 d, and its equator will lap the poles in 65  3 d. This shear is 
about 2 times that of the solar shear where the Sun‟s equator laps its poles every 
~115 d. 
 Since the LQ Lup data set is particularly complete and has been taken over 
many rotational cycles, to further investigate the differential rotation measurement 
of this target the values for only the first half and the second half of the data set 
have been presented here. Figure 4.15 shows the two differential rotation plots 
determined for these two smaller sets of profiles. The resulting differential 
rotation measurements were determined to be Ωeq = 20.259 rad d
-1
 and dΩ = 0.085 
rad d
-1
 for the first half of the LQ Lup data set; and Ωeq = 20.278 rad d
-1
 and dΩ = 
0.110 rad d
-1
 for the second half. Compared to the measurement for the full data 
set of Ωeq = 20.268 rad d
-1
 and dΩ = 0.097 rad d-1; there is a variation in the first 
half of -0.009 for Ωeq and -0.012 for dΩ; and +0.019 for Ωeq and +0.013 for dΩ 
for the second half of the data set. 
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        (a)      (b) 
 
Figure 4.15: χ2 minimisation plots of the differential rotation of LQ Lup for (a) the first half of the 
data set (spot filling factor of 0.068); and (b) the second half of the data set (spot filling factor of 
0.076). The resulting differential rotation measurements were computed to be Ωeq = 20.259 rad d
-1
 
and dΩ = 0.085 rad d-1 for the first half; and Ωeq = 20.278 rad d
-1
 and dΩ = 0.110 rad d-1 for the 
second half. 
 
These variations are outside of the error bars given for the full data set differential 
rotation measurement, and only just outside of the variation ellipse shown in 
Figure 4.14. They are not, however, large enough to suggest that the differential 
rotation altered dramatically throughout the period of the observation run. 
 The χ2aim has previously been shown in this chapter to have an effect on 
the spot occupancy maps of LQ Lup by varying the spot filling factor. Since the 
spot filling factor is an important value used in the differential rotation 
measurement of LQ Lup, an investigation of affect of varying this value has been 
shown graphically in Figure 4.16. Using the error bars for the χ2aim of 0.90  0.10, 
the resulting differential rotation measurements are Ωeq = 20.262 rad d
-1
 and dΩ = 
0.085 rad d
-1
 for the minimum spot filling factor (maximum χ2aim), and Ωeq = 
20.267 rad d
-1
 and dΩ = 0.096 rad d-1 for the maximum spot filling factor 
(minimum χ2aim). These values have been included in the variation ellipse 
projected onto Figure 4.14. 
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        (a)      (b) 
 
Figure 4.16: Plots of the affect of using (a) a minimum spot filling factor of 0.063; and (b) a 
maximum spot filling factor of 0.074, on the χ2 minimisation of the differential rotation of LQ 
Lup. For a minimum spot filling factor, the resulting differential rotation measurement is 
computed to be of Ωeq = 20.262 rad d
-1
 and dΩ = 0.085 rad d-1. For the maximum spot filling 
factor, the measurement is computed to be of Ωeq = 20.267 rad d
-1
 and dΩ = 0.096 rad d-1. 
 
The change in the differential rotation obtained here is not significant, 
which is supported by the findings of Petit et al. (2002) that undertook the same 
analysis on the affect of the spot filling factor on the differential rotation 
measurement using this method. 
 
4.5 Discussion 
Observations logs of LQ Lup in 2002 May were given in this chapter, along with 
the known and derived fundamental parameters of the target. The values for this 
work were shown to be within the error bars of the previously published values. 
Results were also presented of the Doppler imaging of this young solar analogue. 
These results were shown through the reduction and analysis of the spectroscopic 
data collected in 2002 May using the ESpRIT package and ZDICAM. Solar 
contamination due to reflected moonlight was successfully removed using 
MOONSUB8 and the plotted modelled fits to the observed data was given in Figure 
4.6(a)(b). A spot occupancy map was given for the entire run‟s data and was 
revealed to exhibit a large polar spot as well a few lower latitude features, which 
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is perhaps expected for these types of stars. Using the information gathered from 
the Doppler imaging of LQ Lup and the fact that some spot evolution was evident 
in Figure 4.13(a)(b)(c), a differential rotation measurement was undertaken and 
computed to have values for Ωeq and dΩ to be 20.268 ± 0.002 and 0.097 ± 0.004 
rad d
-1
, respectively. This means that LQ Lup has an equatorial rotation period of 
0.3100  0.00004 d and a lap time of 65  3 d. 
 In 1997 May, snapshots of LQ Lup were taken on two separate epochs and 
presented in Donati et al. (2000). Shown in Figure 4.17 are (a) the spot occupancy 
map from the 1997 observation run, as well (b) the map generated from this work. 
Comparing these two Doppler imaging results for LQ Lup, it can be seen that the 
large polar spot seen in the work presented in this thesis is in agreement with 
previous studies. The extent of the polar spot is also very similar, with a slight 
extension of the feature toward one side of the star. A ring also appears at the pole 
at approximately 70°. This is more than likely due to solar contamination that was 
not removed completely and therefore a smaller, lighter spot is being seen directly 
at the pole. Lower latitude features were also evident on the map from the 1997 
data set.  
The phase coverage of both maps presented is full (indicated by the radial 
ticks on the outside of the maps) however, the map from the data set analysed in 
this project has a far better phase overlap than that of the 1997 data set. This does 
not particularly affect the spot occupancy maps, but according to Petit et al. 
(2002), this could have an effect on the subsequent differential rotation 
measurement.  
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(a)  
(b)  
Figure 4.17: Spot Occupancy Maps of LQ Lup in (a) 1997 (Image taken from Donati et al. (2000); 
and (b) 2002 (this project). The images are flattened polar projections that extend down to -30° 
latitude with the thick circle as the stellar equator. The rotational phase and phase coverage of the 
data are represented by the numbers and ticks surrounding the flattened stellar images, 
respectively. 
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However, Petit et al. (2002) goes on to suggest that only 4% of the time it takes 
for the equator to lap the pole at least one complete cycle is how much phase 
sampling is needed to obtain an accurate differential rotation measurement using 
the method utilised here. The LQ Lup 1997 data set appears to meet this criteria 
and therefore the differential rotation measurement determined by Donati et al. 
(2000) would be accurate. 
 Donati et al. (2000) present the differential rotation measurement for LQ 
Lup in the same manner as is produced here. The resulting measurements were an 
equatorial period of 0.31 d and a rotational shear of approximately 2 to 3 times 
that of the Sun (lap time of ~50 d). In this work, the rotational period is in 
agreement with Donati et al. (2000), but a rotational shear of ~2 times that of the 
Sun was calculated. More temporal observations of ~7 d in length would be 
encouraged to confirm that the differential rotation measurement of LQ Lup is 
changing over time. 
 As introduced earlier in this thesis, current dynamo theory does not 
provide an adequate explanation for large polar spot plus lower latitude features 
that are consistently observed on solar-type stars such as LQ Lup. The two 
alternate theories are a distributed dynamo, and an interface layer dynamo with 
strong meridional flow. When looking at the maps of the stellar surface of this 
target presented in Figure 4.17, it is seen that the polar spot is full to 60°, with 
only a few lower latitude features. It is also seen that the polar spot extends down 
the surface of one side of the star. If an assumption that this feature is a 
combination of many smaller spots that are being resolved as one large spot, it 
could be suggested that the theory of meridional flow would suit the observations 
for LQ Lup better than that of a distributed dynamo. However, the evidence of the 
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lower latitude features simultaneously with the polar spot could also suggest the 
existence of more than one dynamo process occurring at the same time, and hence 
implying the presence of a distributed dynamo operating throughout the 
convective zone. 
  
120 
 
Chapter 5 
Doppler Imaging of RX J0850.1-7554 
 
 
RX J0850.1-7554 is a very young (~17 Myr) G-dwarf that is located in the 
Chamaeleon star-forming region in the southern hemisphere (James et al. 2006). 
This solar analogue has a rapid projected rotational velocity of 43 km s
-1
, but to 
date, this target‟s rotational period has not been determined. Although this target 
has been a part of several surveys since the early 1990s, it has not been the subject 
of Doppler imaging or in-depth photometric observations (which explains why 
there are no current published values for this target‟s rotational period or radius 
(see Table 2.1)). 
 Even though RX J0850.1-7554 has not previously been observed 
photometrically to determine variability that would indicate activity (namely, 
starspots), Covino et al. (1997) presented high resolution spectroscopic results in 
the range from H-alpha to Ca I which showed this target to have a „filled in‟ Hα 
profile. This suggests that RX J0850.1-7554 exhibits extensive prominences, and 
hence intense activity. It is thus plausible that this star would also feature other 
activity indicators such as starspots on its photosphere. This was confirmed after 
taking a single spectroscopic observation of RX J0850.1-7554 on the 5
th
 of May 
2006. The observations that immediately followed (spanning the period 2006 May 
5
th
 to the 11
th
) thus concentrated heavily on this target. The following chapter 
presents the observations taken during this run for RX J0850.1-7554 as well as the 
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data analysis that followed. This data analysis yielded results such as the 
fundamental parameters of the target, a rotational period measurement, and a spot 
occupancy map of the photosphere, all of which will be covered in this chapter. 
 
5.1 Observations 
Spectroscopic observations of RX J0850.1-7554 were taken over a 7 night period 
in 2006 from the May 5
th
 to the 11
th
 inclusive. These observations were taken by 
myself and Dr. Brad Carter (of the University of Southern Queensland). The 
observations were taken with the same instrumentation set up as that used for the 
observations of R58 and LQ Lup and is described in Section 2.2. Since the 
rotational period of this target was not known at the time of the observations, 
exposures were taken as often as possible each night for all 7 nights in an effort to 
acquire full phase coverage of the star. 
 A total of 189 exposures were taken all with an exposure time of 600 s (< 
1% of the subsequently determined rotation period). Only one cloudy night 
occurred during the observation run, and the rest of the observation nights were 
perfectly clear, with sub-arcsec seeing for 3 nights and good seeing (1.0 to 2.0 
arcsec) for another 3 nights. As for all targets in this project, exposures of the 
Moon were taken throughout the observation run (2 x 30 s per night from the May 
6
th
 to the 11
th
, inclusive) to use in the data analysis process. A log of the 2006 RX 
J0850.1-7554 observations is shown in Table 5.1. 
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Table 5.1: Log of spectroscopic observations of RX J0850.1-7554 for the AAT observation run 
2006 May 5
th
 – 11th. The first two columns list the observation date in Universal Time (UT) and 
exposure number (which are not necessarily in sequential order since other targets were also 
observed during the run). Columns 3 & 4 list the Universal Time (UT) start time and end time of 
the exposures, respectively. The last two columns list the exposure time in seconds, and the phase 
at which the target was observed. The phase is with respect to a rotational period of 1.17 d and 
taking the zero phase as being approximately half-way through the run. 
UT Date Exposure 
Number 
UT Start UT End Exposure 
Time (s) 
No. Of 
Frames 
Phase 
5 May 2006 17-18 08:26 08:55 600 2 -2.6916 to -2.6806 
 20-29 09:09 11:01 600 10 -2.6661 to -2.6054 
 34-40 12:31 13:47 600 7 -2.5462 to -2.5072 
 55-58 16:50 17:51 600 4 -2.3928 to -2.3624 
6 May 2006 35-54 08:32 12:10 600 20 -1.8334 to -1.7100 
 59-65 12:58 14:13 600 7 -1.6757 to -1.6368 
 70-85 14:36 17:29 600 16 -1.6175 to -1.5207 
7 May 2006 55-60 11:31 12:42 600 6 -0.8722 to -0.8366 
 67-73 13:59 15:15 600 7 -0.7848 to -0.7452 
 76-78 16:00 16:32 600 3 -0.7129 to -0.7001 
8 May 2006 55-67 10:00 12:22 600 13 -0.0719 to 0.0065 
 80-91 13:49 15:59 600 12 0.0639 to 0.1352 
9 May 2006 34-48 10:09 12:52 600 15 0.7884 to 0.8790 
 58-66 13:55 15:32 600 9 0.9222 to 0.9740 
10 May 2006 35-59 08:56 13:28 600 25 1.5996 to 1.7554 
 69-74 14:27 15:31 600 6 1.7962 to 1.8283 
11 May 2006 35-55 09:16 13:43 600 21 2.4659 to 2.6187 
 64-69 14:42 15:46 600 6 2.6596 to 2.6915 
 
 
5.2 Fundamental Parameters 
The youngest of the targets in this project is RX J0850.1-7554, with an age of only 
17 Myr. Classed as a Pre-Main Sequence (PMS) star, this G6 target has a 
rotational velocity of 43 km s
-1
 which makes it a rapid rotator (Covino et al. 
1997). With a visual magnitude of 10.57 and an effective temperature of 5700 K 
(James et al. 2006), RX J0850.1-7554 seems to be very similar in properties to 
both R58 and LQ Lup (except for v sin i). As with the Lupus star forming region, 
the Chamaeleon star-forming region is also at a distance of ~150 pc. Shown in 
Figure 5.1 is an 8.5 x 8.5 arcmin finder chart for the location of RX J0850.1-7554 
as taken from NASA SkyView (available at: http://skyview.gsfc.nasa.gov). The 
target is located at the centre of the field of view.  
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Figure 5.1: RX J0850.1-7554 finder chart showing the location of the target star (circled). Image 
from NASA SkyView available at: http://skyview.gsfc.nasa.gov/cgi-
bin/runquery.pl?Interface=quick&Position=RX+J0850.1-7554&SURVEY=Digitized+Sky+Survey 
 
 
Table 2.1 lists the known parameters of RX J0850.1-7554. Note that at the 
onset of this project, the parameters of stellar radius, inclination angle, and 
rotational period were not known. The parameters that were derived for this target 
during this project are listed in Table 5.2. These values have mostly been derived 
through the use of the χ2 minimisation technique previously mentioned, that 
utilises the maximum entropy code by finding the value that produces the best fit 
to the data and thus giving a minimum χ2 value (Barnes et al. 2000). 
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Table 5.2: Derived Fundamental Parameters of RX J0850.1-7554 from previous work (
a
 Covino et 
al. (1997)) and determined as for this work. 
Parameter Value 1996 
a
 Value 2006 
Radius - 1.09 R

 
v sin i 43 ± 3 km s-1 42.5 ± 0.5 km s-1 
Radial Velocity 15.5 km s
-1
 17.5 ± 0.5 km s-1 
Inclination - 70° ± 10° 
Equatorial rotational period - 1.1679 d 
 
 
 Comparing the parameters listed in Table 5.2, it is seen that the χ2 
minimisation technique used in this project yields parameter values for RX 
J0850.1-7554 that are similar to those previously published. Since increments of 
0.5 km s
-1
 were used for the v sin i, we can say that the value of 42.5 ± 0.5 km s-1 
is within the error bars listed. The χ2 minimisation plot for the radial velocity is 
presented in Figure 5.2 and shows the technique outputting a value of 17.5 km s
-1
. 
Although this value does not match the published value of 15.5 km s
-1
, it is too 
soon to presume that this target is possibly a component of a binary system (as is 
implied for R58; see Section 3.2). This is the first time that RX J0850.1-7554 has 
been investigated using the techniques within this project and therefore some of 
the parameters need to be revisited using confirming observations and analysis. 
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Figure 5.2: χ2 minimisation for the radial velocity of RX J0850.1-7554. The radial velocity for RX 
J0850.1-7554 is determined by using the χ2 minimisation technique. As seen here (red and labelled 
data point), the curve reaches a minimum final χ2 value at a radial velocity of 17.50 km s-1. 
 
 The stellar radius was estimated using the relationship between a star‟s 
magnitude and its effective temperature: 
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 Where R is the stellar radius; 
  RS is the solar radius; 
  T is the star‟s effective temperature; 
  TS is the solar effective temperature; and 
  Δm is the difference between the solar and stellar absolute 
magnitudes. 
And the inclination angle was thus calculated using the equation: 
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Figure 5.3: χ2 minimisation for the stellar inclination of RX J0850.1-7554. The shown curve 
representing the results of the χ2 minimisation technique used to determine the inclination angle of 
RX J0850.1-7554, reaches three minimum final χ2 values at inclination angles of 70°, 75° and 80° 
(shown in red and labelled).  
 
The inclination angle was calculated to be 65° ± 10° (an error of ± 10° has been 
assumed, following standard practice). Through the χ2 minimisation technique 
(see Figure 5.3), minimum χ2 values were computed at inclination angles of 75° ± 
10°. Taking into account all of these inclinations angles, there is an overlap in the 
region of ~70°. Until photometry can be undertaken for this target to confirm a 
rotational period, an inclination angle of 70° will be used. 
 
5.3 Period Determination 
When RX J0850.1-7554 was chosen as a target for this project, the rotational 
period was not known. At the time of observation in 2006 May, a value of 
between 1.0 d and 1.5 d was estimated based on its v sin i and the radius of other 
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G6V stars (R ≲ 1.0 R

) and a first estimate inclination angle of 60° (using 
equation 3.1). RX J0850.1-7554 was thus observed at approximately the same 
time each night to attempt to acquire adequate phase coverage. With adequate 
phase coverage, the χ2 minimisation method of determining the equatorial rotation 
period as used in Petit et al. 2008 (following the reverse engineering approach of 
Petit et al. 2002) would be possible. 
 In order to determine a rotation period for RX J0850.1-7554, the same 
maximum entropy code used to determine a differential rotation measurement was 
employed. However, rather than having both the Ωeq and dΩ values as free 
parameters, the dΩ value was fixed to a value of 0, thus assuming solid body 
rotation. The code was then run for a range of equatorial rotation rates from 1.20 
to 12.80 rad d
-1
 at steps of 0.2 rad d
-1
 (~5.2 d to 0.5 d rotation period, respectively) 
and Figure 5.4 was plotted from the results. It is seen from Figure 5.4 that there 
are two main minima in the plot, one between 1.10 d and 1.20 d, and also at 2.20 
d to 2.40 d. The range of 1.10-1.20 d was chosen as the best range to explore 
further due to the lower final χ2 values, as well as the fact that this range is in 
more of an agreement with the initial estimate of the target‟s rotation period. Also, 
using this procedure without supporting photometry, the lowest χ2 value is the 
more acceptable choice. This smaller range was then run through the differential 
rotation measurement process again, but this time with steps of 0.01 rad d
-1
 to 
confine the period to an accurate measurement. These results are plotted in Figure 
5.5. A minimum χ2 is computed for the equatorial rotation period of 1.1679 d 
(5.3799 rad d
-1
) (shown as the red and labelled data point in figure 5.5) 
determined through steps of 0.01 rad d
-1
. Without supporting photometry of RX 
J0850.1-7554, the value with the lowest χ2, 1.1679 d, was adopted for this project.   
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Figure 5.4: χ2 minimisation for the Equatorial Rotation Period of RX J0850.1-7554. This plot was 
produced by using the method used to determine a differential rotation measurement, but instead 
of setting both Ωeq and dΩ to be free parameters, the dΩ was fixed to a value of 0 (solid body 
rotation). The shown curve representing the results of the χ2 minimisation technique used to 
determine the period of rotation of RX J0850.1-7554, reaches a minimum χ2 value around 1.16 d. 
 
 
 
Figure 5.5: χ2 minimisation for the Equatorial Rotation Period of RX J0850.1-7554 between 
rotational periods of 1.08 d and 1.21 d for solid body rotation. This plot was produced by using the 
same method used to produce Figure 5.4 but on a smaller scale so that an accurate value for the 
equatorial period of RX J0850.1-7554 is seen. The shown curve representing the results of the χ2 
minimisation technique used to determine the period of rotation of RX J0850.1-7554, reaches a 
minimum final χ2 value at 1.1679 d (shown in red and labelled). 
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5.4 Surface Features 
The following results are presented for the first time for the target RX J0850.1-
7554. Observations taken of this target in 2006 May were reduced using the 
ESpRIT package and then run through the maximum entropy code ZDICAM to 
produce modelled fits to the observed profiles (see Figure 5.6). These profiles are 
fitted to a minimum reachable χ2aim of 0.5 (as outlined in Section 2.5) and since 
there was only a small amount of solar contamination, the affected profiles have 
been removed. 
 A spot occupancy of 0.028 (2.8%) was determined for the surface of RX 
J0850.1-7554 which has been plotted onto a flattened polar projection in Figure 
5.7. Phase coverage of the star is exceptionally good considering the period of 
rotation was not known at the time of the observations. Some overlap of the 
phases is also present and is indicated by the ticks surrounding the spot occupancy 
map. Seen in Figure 5.7 is the large polar spot feature that has been observed on 
many other rapidly rotating solar-type stars of this radius and age. Unlike R58 and 
LQ Lup (see Sections 3.3 and 4.3, respectively), RX J0850.1-7554‟s polar spot 
does not completely fill the pole down to the latitude of +60°. It does however, 
extend down to the lower latitudes, even to the equator, between phase 0.25 and 
0.40. LQ Lup exhibits a similar feature in that the extension of its polar spot to the 
lower latitudes is confined to one side of the star. This could be a result of several 
unresolved spots seen as one feature due to a low spectral resolution due to the 
faint stellar magnitude. As well as the polar spot feature, there are also several 
lower latitude features. All of the main lower latitude features seen in Figure 5.7 
are situated at or across the equator. 
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Figure 5.6: LSD profiles for RX J0850.1-7554 (solar contaminated profiles removed from the data 
set). The thin lines are the observed LSD profiles, and the thick lines are the modelled profiles. 
The rotational phasing of each observation is listed to the right of each profile. These profiles have 
been fitted to a χ2aim of 0.5. 
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Figure 5.7: Spot Occupancy Map of RX J0850.1-7554 (solar contaminated profiles removed from 
the data set). The image is a flattened polar projection that extends down to -30° latitude with the 
thick circle as the stellar equator. The rotational phase and phase coverage of the data are 
represented by the numbers and ticks surrounding the flattened stellar image, respectively. The 
spot filling factor (percentage spot coverage) is 0.028 (2.8%). 
 
At closer inspection, it is also seen that there are features occurring at the 
equator. Mirroring is an effect that occurs with high inclination angles (i > 70°) 
since the line-of-sight stellar surface is so close to being pole-on, the maximum 
entropy code cannot distinguish between spot features that are in the northern 
hemisphere or those that are in the southern hemisphere and thus puts them in 
both hemispheres. But it is not suggested that is occurring here since the features 
are not fully mirrored in both hemispheres. Also, the code tends to poorly 
constrain the lower latitude features in high inclination stars and thus a smearing 
of the spot features can often be seen. 
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(a)  (b)
(c)  
Figure 5.8: Spot Occupancy Maps of RX J0850.1-7554 using χ2aim (a) 0.45; (b) 0.50; and (c) 0.55. 
The image is a flattened polar projection that extends down to -30° latitude with the thick circle as 
the stellar equator. The rotational phase and phase coverage of the data are represented by the 
numbers and ticks surrounding the flattened stellar image, respectively. Note that the lower the 
χ2aim is pushed, the more the code attempts to fit spot features that are artefacts. The resulting spot 
filling factors (percentage spot coverage) are (a) 0.033 (3.3%); (b) 0.028 (2.8%); and (c) 0.024 
(2.4%). This shows that the lower the χ2aim, the higher the resulting percentage spot coverage and 
therefore the spot filling factor is inversely affected by the χ2aim. 
 
A comparison of spot occupancy maps produced using differing χ2aim 
values for RX J0850.1-7554 is shown in Figure 5.8. Although it appears that there 
is not a lot of difference between the plots, this figure shows that at a lower χ2aim 
the code is fitting more features to the observed data (seen in map (a) by the 
presence of an extra lower latitude feature when compared to the other maps). 
Conversely, the higher χ2aim (map (c)) exhibits less features than the other maps 
seen by the lack of lower latitude features. Because the resulting spot filling factor 
from the spot occupancy map is used to converge the differential rotation code to 
a result, it is important that this first process is carried out correctly. 
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60° 65°  
70°  
75° 80°  
Figure 5.9: Spot Occupancy Maps of RX J0850.1-7554 (solar contaminated profiles removed from 
the data set) for inclination angles (from top to bottom, left to right) 60°, 65°, 70°, 75° and 80°. 
The images are flattened polar projections that extend down to -30° latitude with the thick circle as 
the stellar equator. The rotational phase and phase coverage of the data are represented by the 
numbers and ticks surrounding the flattened stellar images, respectively. Note the effect that the 
inclination angle has on the resultant spot occupancy map, where the higher the inclination angle, 
the more spots the code uses to fit the observed data. 
 
Figure 5.9 shows a graphical investigation of the effects of the inclination 
angle for RX J0850.1-7554 with spot occupancy maps for the inclination angles 
60° (as the lower limit of the accepted inclination angle of 70°  10°), 65° 
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(determined through calculation), 70° (averaged inclination angle and thus the 
angle used for RX J0850.1-7554 in this project), 75°, and 80° (as the upper limit 
of the accepted inclination angle of 70°  10°), where 70°, 75°, and 80° are all 
angles determined through χ2 minimisation. It is seen that the polar feature does 
not change dramatically around the polar region, but the extent of its extension to 
the lower latitudes tends to fill in with increased inclination angle. Also, the lower 
latitude features, move down in latitude (even into the southern hemisphere) with 
an increase in inclination angle. As outlined in Section 2.5, this is where a “visual 
check” is important. Even though the χ2 minimum occurred at 75°, the map 
produced using an inclination angle of 70° shows more constraint on the spot 
features, which is what would be expected to be exhibited by a star of this type. In 
this case, an average of 70° (which is within the error bars of both the χ2 
minimisation method determined inclination angle of 75° ± 10°, and the 
calculation determined inclination angle of 65° ± 10°) has been chosen to be used 
in this project. 
Figures 5.10 and 5.11 present spot occupancy maps of RX J0850.1-7554 
with varying radial velocity and v sin i measurements, respectively. The variation 
of the parameters are given within the error bars of the original values, where 
radial velocity is 17.5  0.1 km s-1, and v sin i is 42.5  0.5 km s-1. This 
comparison has been again given to add to the investigation of the affect of the 
determined stellar parameter values (as seen for the inclination angle) through the 
χ2 minimisation method on the resulting spot occupancy maps. It is seen in Figure 
5.10 that the radial velocity measurement changes the structure of the spots 
reconstructed on the stellar surface although only marginally, and Figure 5.11 
shows evidence of equatorial smearing when the v sin i is at its upper limit. 
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(a) (b)  
(c)  
Figure 5.10: Spot Occupancy Maps of RX J0850.1-7554 radial velocity (a) 17.4 km s
-1
, (b) 17.5 
km s
-1
, and (c) 17.6 km s
-1
. The images are flattened polar projections that extend down to -30° 
latitude with the thick circle as the stellar equator. The rotational phase and phase coverage of the 
data are represented by the numbers and ticks surrounding the flattened stellar images, 
respectively. Note the effect that the radial velocity has on the resultant spot occupancy map, 
where the structure of the spots is marginally changed by altering the radial velocity. 
 
In order to test the accuracy of the spot occupancy map presented here, 
independent maps were produced using odd and even profiles from the RX 
J0850.1-7554 data set. The results are shown in Figure 5.12. It is seen that both 
maps are similar in their structure of a polar spot that extends down to the equator 
at phases 0.35-0.50 as well as two distinct lower latitude features at phases 0.65 
and 0.70. These features are also seen in Figure 5.7, thus insinuating that the result 
is robust. 
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(a) (b)  
(c)  
Figure 5.11: Spot Occupancy Maps of RX J0850.1-7554 for v sin i (a) 42.0 km s
-1
, (b) 42.5 km s
-1
, 
and (c) 43.0 km s
-1
. The images are flattened polar projections that extend down to -30° latitude 
with the thick circle as the stellar equator. The rotational phase and phase coverage of the data are 
represented by the numbers and ticks surrounding the flattened stellar images, respectively. Note 
the effect that the v sin i has on the resultant spot occupancy map, where the higher the v sin i, the 
more spots the code uses to fit the observed data. It is also seen that when the v sin i is increased, 
that equatorial smearing becomes apparent. 
 
An attempt to map the first and second half of the data set profiles is show 
in Figure 5.13. Clearly seen by the tick marks surrounding the two images, the 
phase coverage is not good enough to resolve the spot features adequately. Hence, 
it is difficult to determine if spot evolution has occurred during the period of the 
RX J0850.1-7554 observations. 
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(a) 
 
(b) 
 
Figure 5.12: Spot Occupancy Maps for the (a) even profiles of the RX J0850.1-7554 data set; and 
(b) odd profiles of the RX J0850.1-7554 data set. The images are flattened polar projections that 
extend down to -30° latitude with the thick circle as the stellar equator. The rotational phase and 
phase coverage of the data are represented by the numbers and ticks surrounding the flattened 
stellar images, respectively. Both maps are similar in their structure in that both exhibit a large 
polar spot as well as lower latitude features. 
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(a) 
 
(b) 
 
Figure 5.13: Spot Occupancy Maps for the (a) the first half of the profiles of the RX J0850.1-7554 
data set; and (b) the second half of the profiles of the RX J0850.1-7554 data set. The images are 
flattened polar projections that extend down to -30° latitude with the thick circle as the stellar 
equator. The rotational phase and phase coverage of the data are represented by the numbers and 
ticks surrounding the flattened stellar images, respectively. As can be seen there is inadequate 
phase coverage on both maps, thus adversely affecting the resolvable spot features on the stellar 
surface in order to determine if spot evolution is present. 
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5.5 Surface Differential Rotation 
The χ2 minimisation technique used throughout this project was again used for RX 
J0850.1-7554, incorporating the solar-like differential rotation law outlined in 
Chapter 1 and a fixed spot aim of 0.028. Figure 5.14 shows the results of this χ2 
minimisation with a variation ellipse of the basic stellar parameters superimposed 
onto the plot. This ellipse shows the amount that the differential rotation 
measurement can change when the basic stellar parameters are varied within their 
error ranges. The individual plots of these variations are given in Appendix C. At 
first glance, Figure 5.14 suggests that this target is rotating almost as a solid body 
with a dΩ between 0 and 0.05 rad d-1 and an equatorial rotational rate (Ωeq) of 
5.47 rad d
-1
 (or ~1.15 d rotational period). 
 The best guess measurement and the associated error was determined 
using fitmap, which is a script that uses a parabolic fit of a standard deviation of 
the measurement that encompasses more than 20 points to determine these values. 
Fitting to a level of 3σ to the data, this yielded the results of an Ωeq of 5.475 ± 
0.018 rad d
-1
 (1.148  0.004 d). The dΩ value was computed to be 0.034 ± 0.056 
rad d
-1
, which equates to a lap time of 183  182 d. This measurement, due to the 
extremely large error is not an accurate representation of the differential rotation 
of RX J0850.1-7554. However, if the value were accurate, it would show that this 
target has a differential rotation which is slower than that of the Sun (0.055 rad d
-1
 
(Berdyugina 2005)) is small enough that it could be suggested that RX J0850.1-
7554 is rotating as a solid body. 
140 
 
 
Figure 5.14: A plot of dΩ vs Ωeq for the χ
2
 minimisation of the differential rotation of RX J0850.1-
7554. The scale signifies the χ2 values reached for the given combinations of dΩ and Ωeq, 
converged on a spot aim of 0.028 or 2.8%. The darker the colour range, the lower the χ2 value. As 
can be seen in this plot, the χ2 value reaches a minimum at Ωeq = 5.47 rad d
-1
 and dΩ = 0.03 rad d-1 
(signifying a near solid body rotation) which is signified by the black cross. When a paraboloid is 
fitted to this data, values of Ωeq and dΩ are 5.475 ± 0.018 rad d
-1
 and 0.034 ± 0.056 rad d-1, 
respectively. A variation ellipse has been superimposed on the plot to show how much variation 
the differential rotation measurement is subject to when the basic stellar parameters are varied 
within their error ranges. The plot has been projected by ± 5σ on the axes for both dΩ and Ωeq 
 
 Since this is the first time RX J0850.1-7554 has been observed for the 
purpose of Doppler imaging and differential rotation, these results although 
probable, are preliminary and should therefore be confirmed with further 
observations and analysis. This is reinforced by the substantial error presented 
associated with the dΩ result. The considerable deviation of the variation ellipse 
due to the adjustment of the determined stellar parameters (covering a range from 
-0.10 rad d
-1
 to 0.25 rad d
-1
 for dΩ) also supports the preliminary result of the 
differential rotation measurement given here. 
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        (a)      (b) 
 
Figure 5.15: Plots of the affect of using (a) a minimum spot filling factor of 0.024; and (b) a 
maximum spot filling factor of 0.033, on the χ2 minimisation of the differential rotation of RX 
J0850.1-7554. For a minimum spot filling factor, the resulting differential rotation measurement is 
Ωeq = 5.483 rad d
-1
 and dΩ = 0.072 rad d-1. For the maximum spot filling factor, the measurement 
is Ωeq = 5.473 rad d
-1
 and dΩ = 0.004 rad d-1. 
 
This is further supported by specifically examining the effect of the altering of the 
χ2aim of 0.50  0.05, due to this value‟s inverse affect on the spot filling factor. As 
was seen in Figure 5.15, when the χ2aim is pushed to its lower limits (minimum 
χ2aim) the code fits noise to the spot occupancy maps, especially at the lower 
latitudes. It is these features that are the most important for determining the 
differential rotation measurement. Figure 5.15 shows an investigation of the affect 
of the over and under fitting of features on the differential rotation measurement. 
The error bars used in this figure for the χ2aim are 0.50  0.05. The resulting 
differential rotation measurements are Ωeq = 5.483 rad d
-1
 and dΩ = 0.072 rad d-1 
for the minimum spot filling factor (maximum χ2aim), and Ωeq = 5.473 rad d
-1
 and 
dΩ = 0.004 rad d-1 for the maximum spot filling factor (minimum χ2aim). These 
values have been included in the variation ellipse projected onto Figure 5.14. 
Petit et al. (2002) also varied this parameter to scrutinize its affect on the 
differential rotation measurement. It was concluded that this variation does not 
significant change the result when phase sampling it adequate. In the case 
presented here, the measurement has changed significantly. It is therefore 
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suggested, following the conclusions of Petit et al. (2002) that this is due to 
inadequate phase overlap, rather than the variation of the spot occupancy factor. 
 
5.6 Discussion 
The first Doppler imaging results for the star RX J0850.1-7554 have been 
presented in this chapter. Observations taken of the target in 2006 May were 
logged and presented in Section 5.1. The data collected was then reduced using 
the ESpRIT package and LSD profiles produced for the entire data set. Solar 
contamination was minimal and hence the MOONSUB8 program was not used. 
These contaminated profiles were thus removed from the data set altogether. 
 Fundamental parameters known for RX J0850.1-7554 were listed in Table 
2.1 and the derived parameters from this project listed in Table 5.2. Overall, these 
values were in good agreement except for the radial velocity. This might indicate 
that this target could possibly be a component of a binary system, but more 
observations at different epochs are needed to confirm this speculation. The 
inclination angle was determined using the χ2 minimisation method and supported 
by calculation using a period of 1.17 d. 
 Using the maximum entropy code, ZDICAM, a spot occupancy map was 
produced for the surface of RX J0850.1-7554. This map showed the familiar polar 
spot that has been observed on other young, active, solar-type stars. Similar to that 
seen for LQ Lup (see Section 4.3), this star‟s polar spot extends down to the lower 
latitude. Some mid- to low-latitude spot features are also evident on the surface of 
this target. 
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 The inclination angle determined through χ2 minimisation and calculation 
had a range of 70° ± 10°. To investigate the effects of the inclination angle on the 
output of the imaging code, maps for inclination angles 65°, 70°, 75°, and 80° 
were given in Figure 5.9. Here it was shown that the inclination angle does indeed 
affect the output, and an inclination angle of 70° ± 10° was adopted, based on the 
mean estimate. 
 The period of RX J0850.1-7554 had not been previously determined, and 
thus, a χ2 minimisation of the equatorial rotation period was undertaken. This 
yielded a general minimum at 1.16 d (see Figure 5.4), which when refined over a 
narrower search range gave a period of 1.17 d (see Figure 5.5). This is in 
agreement with the estimate carried out prior to observation as well as the 
preliminary differential rotation measurement that is presented here.  
 As outlined in previous discussions of the results of the other targets 
examined in this thesis, current dynamo theories do not adequately explain the 
presence of a polar spot on solar-type stars. This is especially the case for the 
simultaneous presence of both a large polar spot and lower latitude features. RX 
J0850.1-7554 is yet another example of the presence of both types of features on 
the stellar surface of a young, active, solar-analogue. Further investigation of 
dynamo theories is needed in order to be able to explain these features typical of 
active young solar-type stars. 
 RX J0850.1-7554‟s particular appearance suggests an interface layer 
dynamo coupled with strong meridional flow. As seen in Figure 5.7, the polar spot 
extends all the way down to the equator, as well as exhibiting other mid and lower 
latitude features. Taking into account the size of spots on a stellar surface that are 
able to be resolved, it is very plausible that the elongated polar spot feature seen in 
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Figure 5.7 is in fact made up of many smaller spots that are close together. These 
spots are then moving, as a group, towards the pole driven by meridional flow. 
However, the presence of both of these types of spot features at the same time is 
also explained by a distributed dynamo. The arguments of meridional flow versus 
distributed dynamos, is presented later in Chapter 6. 
 Being the slowest rotator of the targets selected for this project, it would 
have been expected that the spot activity seen on the surface of RX J0850.1-7554 
would be somewhat less than that seen on the surface of R58 and LQ Lup. A spot 
occupancy of 2.8% was determined for RX J0850.1-7554, which is quite small in 
comparison to 6.7% for LQ Lup (the fastest rotator of the sample). Marsden et al. 
(2011) observed another star, HD141943, with a similar v sin i to RX J0850.1-
7554 of ~35 km s
-1
. This target also exhibited a small spot occupancy of only 
2.1% (contributed to by a relatively small polar spot in comparison with those 
seen on LQ Lup and R58). This could suggest that spot occupancy could be linked 
to stellar rotation rate, even though both of these targets would be in the 
„saturation‟ regime where it is suggested that activity level is no longer dependant 
on rotation rate. It should be noted that the difference in the recovered spot 
coverage could also be due to the fact that lower v sin i targets need to have a 
higher spatial resolution in order to recover the same amount of detail as their 
higher v sin i counterparts. This effect has been investigated by Piskunov & 
Wehlau (1990) to show that the analysis of a target with a v sin i of 15 km s
-1
 was 
unable to resolve the detail that was able to be resolved on a target of v sin i of 30 
km s-
1
 with the same spatial resolution. It could also be suggested that both of 
these targets are at minima in their activity cycles and therefore more high 
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resolution. Temporal observations are needed to confirm which of the addressed 
possibilities best explain the current observations. 
The χ2 minimisation technique for differential rotation of RX J0850.1-
7554, shows that this star rotates as an almost solid body with only a small 
measurement determined of 0.034 ± 0.056 rad d-1 which is slower than that of the 
Sun (0.055 rad d
-1
). When the error of the result is taken into account (although 
very large and also unlikely) this measurement could also be showing a negative 
differential rotation. Due to the lack of adequate phase sampling, Petit et al. 
(2002) suggests that differential rotation measurements using this method will 
tend to the solid body type (i.e. ~0.0 rad d
-1
). Since it can been seen from the 
phase indicators around the outside of Figure 5.7 that the phase overlap is very 
minimal, this explanation is the most probably reason for this near solid body type 
differential rotation measurement. 
To date, there have been no published results of G-type stars with solid 
body or negative differential rotation. However, Reiners (2007) reported negative 
differential rotation of F-type stars, and Weber et al. (2005) published solid body 
and anti-solar (negative) differential rotation results for K-giants. Therefore this 
phenomenon of the stellar pole rotating at the same rate or faster than the equator 
is not new, but has not yet been observed for a G-type star. 
 Stars that have been observed with solid body and anti-solar differential 
rotation so far, have been suggested to be either a component of a close binary, or 
a rapidly rotating giant (Kitchatinov & Rüdiger 2004). From the results presented 
here, RX J0850.1-7554 is in neither of these categories. Kitchatinov & Rüdiger 
(2004) then go on to present the role of strong meridional flow as a mechanism 
for slowing down the equatorial rotation rate, where, if the poleward meridional 
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flow is fast enough, the angular momentum along the meridional stream lines 
becomes uniform and thus slows the equatorial rotation rate. This in turn, can 
result in a reversal of the differential rotation (anti-solar differential rotation). This 
model has been backed up by observational evidence of close to solid body 
rotation, as well as anti-solar differential rotation in the K-giants HD 31993, KU 
Pegasi, and σ Geminorum (Weber et al. 2005; Kővari et al. 2007). 
In order to confirm the result presented here of a near solid body rotation 
or a possible negative differential rotation measurement for RX J0850.1-7554 
(Figure 5.14), more observations are needed that are of a longer duration than that 
presented here in order to ensure optimal phase overlap for a more accurate 
estimate of differential rotation (Petit et al. 2002). The strength of the meridional 
flow present on RX J0850.1-7554 should also be investigated with respect to the 
model of Kitchatinov & Rüdiger (2004). This finding could have implications on 
the current dynamo theories associated with G-type stars. 
 Presented in this chapter were the first Doppler imaging results for RX 
J0850.1-7554. Also investigated in this chapter was this young solar-analogue‟s 
rotation period which was determined to be 1.17 d through χ2 minimisation using 
the observed spectroscopic data. 
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Chapter 6 
Discussions and Conclusions 
 
6.1 Introduction 
This project aimed to test the hypothesis that the Sun had a fundamentally 
different dynamo when it was young than what it has today. This was tested by 
examining three solar analogues with projected rotational velocities within the 
„saturation‟ regime that showed spot distributions different to that of today‟s Sun, 
in particular having a large polar spot present on the surface of all three targets. It 
was also hypothesised that these solar analogues would have significantly higher 
differential rotation than that of the present day Sun due to their thin convection 
zones because we are seeing more of the tachocline, where shear is greatest. 
In order to test the above hypothesis, this thesis has presented an analysis 
of spectroscopic data collected using UCLES at the Anglo-Australian Telescope 
(AAT) for three G-type stars, R58, LQ Lup, and RX J0850.1-7554. With an initial 
data reduction using the ESpRIT package and subsequent high signal-to-noise 
profiles produced by the summation of spectral lines through Least-Squares 
Deconvolution (LSD), results were then gained from undertaking Doppler 
imaging analysis. These results include spot occupancy of the stellar surfaces of 
all three targets, as well as surface differential rotation measurements, and the 
rotation period of RX J0850.1-7554 was determined for the first time. Taken 
together, these results can provide insight into the activity of young solar 
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analogues and be used to help test dynamo theory. This chapter reviews the 
findings made throughout this project, and their implications for the activity of 
active young solar-type stars, stellar dynamo theory, and the young Sun. 
 
 
6.2 Discussion of the Surface Features of 
Young Solar Analogues 
Chapters 3, 4 and 5 presented a series of results for R58, LQ Lup, and RX 
J0850.1-7554, respectively. The Doppler imaging maps demonstrate that all three 
targets show a high level of activity in the form of polar spot features (although 
RX J0850.1-7554 presents a smaller polar spot feature than LQ Lup and R58), a 
result that is consistent with previous studies of these stars (Donati et al. (2000), 
Marsden et al. (2005)). Also seen across all data sets presented in this thesis is the 
appearance of smaller, mid- to low-latitude spot features, as is observed for other 
solar-type stars such as those listed in tables 6.1 and 6.2. In the above respects this 
thesis thus presents results in line with observations of other active young solar-
type stars, and requires current theories such as varying dynamo theories (e.g. 
Marsden et al. 2011), as well as flux emergence and transport mechanisms (e.g. 
Mackay et al. 2004), to explain the presence of a dominant polar cap plus weaker 
spot features at lower latitudes.   
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Table 6.1: Fundamental Parameters of some G-type, Active, Young, Solar-Type Stars with 
Doppler Images (adapted from 
a
 Marsden et al. (2011), with values from this work for R58, LQ 
Lup, and RX J0850.1-7554). P, H, and L denote Polar spots, High-latitude spots, and Lower-
latitude spots, respectively. 
Spectral 
Type 
Star Name Age (Myr) Mass (M

) Radius (R

) Spots Observed 
G0V HD 171488 30-50 
a 1.06 ± 0.02 a 1.15 ± 0.08 a PHL 
G1V HD 106506 <10 
a
 1.50 ± 0.02 
a
 2.15 ± 0.26 a PHL 
G2V HD 141943 ~17 
a
 ~1.3 
a
 1.6 ± 0.1 
a
 PHL 
G2V R58 35 ± 5 1.15 ± 0.05 1.18 
17.0
10.0  
PHL 
G2V-IV LQ Lup 25 ± 10 1.16 ± 0.04 1.22 ± 0.12 PHL 
G6V RX J0850.1-7554 ~17 ~1.2 ~1.09 PHL 
 
 
 
Table 6.2: Fundamental Parameters of more G-type, Active, Young, Solar-Type Stars with 
Doppler Images (adapted from Strassmeier et al. (2003)). P, H, and L denote Polar spots, High-
latitude spots, and Lower-latitude spots, respectively. 
Spectral Type Star Name Age (Myr) Prot (d) Spots Observed 
G1.5V EK Dra 120 2.605 PH(L) 
G1-2V HII 314 100 1.470 PHL 
G2-3V He 699 50-70 0.491 PH 
G5-6V AP 193 50-70 0.748 H 
G6V He 520 50-70 0.604 PHL 
G8V AP 149 50-70 0.320 PH 
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 The stars studied in this thesis have a range of v sin i values that imply a 
wide range of equatorial speeds. Thus, it is of interest to examine any differences 
in the Doppler imaging results that may be due to differences in stellar rotation. 
From a theoretical point of view it may be expected that with a major increase of 
rotation rate the activity as judged by spot occupancy would dramatically increase 
due to the „winding up‟ of the magnetic field lines from poloidal state to toroidal 
and thus being forced to erupt at the stellar surface, producing starspots and other 
activity indicators. 
Based on studies of chromospheric emission trends for young late-type 
stars, it is proposed that a dynamo „saturates‟ when a star rotates faster than a 
certain speed. From this point onwards, the dynamo no longer continues to „wind 
up‟ and subsequently the activity levels off (Stauffer et al. 1997). The concept has 
been extended to the idea of „supersaturation‟, in which stellar activity actually 
drops for the most rapidly rotating stars. All that can be said from the results for 
the three stars presented in this thesis is that the spot occupancy values are under 
10%. However, the extent of the spot occupancy seems to be loosely dependent 
on the rotation rate. The fastest rotator, LQ Lup, gave a spot occupancy of 6.7%, 
with RX J0850.1-7554 (the slowest rotator of the sample) exhibiting only 2.8% 
spot coverage. In the middle of the sample, R58 was computed to have a spot 
occupancy between 6.8 and 7.1%, which is only marginally larger than that of LQ 
Lup. This latter comparison of R58 to LQ Lup‟s spottedness being somewhat 
small, could also suggest that RX J0850.1-7554‟s relatively low spot occupancy is 
not due to its slower rotation rate, but rather due to a magnetic cycle where it is 
currently in a relatively less active state. An investigation of the affect on the spot 
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occupancy of the χ2aim was carried out in all three results chapters and was advised 
to only minimally change the presented occupancies for each data set. 
 The range of rotation rates for the sample of three stars presented in this 
thesis is broad, and yet produces relative consistent spot distributions. Piskunov 
and Wehlau (1990) implies that in order to accurately compare the spot coverage 
of targets with differing v sin i values, the spatial resolution must be higher for the 
lower v sin i value targets. This insinuation is only a consideration in the 
conclusions if the spatial resolution of the observations is low. However, with the 
AAT instrumentation set up used to observe the targets within this project, the 
spatial resolution is high enough that it does not adversely affect the results gained 
here within. This increases the likelihood that, despite the uncertainty over the 
early rotational history of our Sun, that the stars studied in this thesis may be 
useful proxies for understanding the appearance of the young Sun and its spot 
activity. 
The observed distribution of spot features with latitude on active young 
stars provides for a comparison with the predictions of stellar dynamo theory. 
Tables 6.1 and 6.2 summarise published results for these distributions for G-type 
stars based on Doppler imaging. The published data as well as the results 
presented in this thesis thus suggest that active young G-type stars 
characteristically show evidence of a polar spot (or in the case of AP 193, high 
latitude features), and that most of the targets also have detectable lower latitude 
features. Polar spots have provided a challenge for dynamo theory. In essence 
these theories take one of two approaches (i) an interface-layer dynamo operating 
in the Sun today, but with a strong element of meridional flow due to rapid stellar 
rotation (ii) proposing a distributed dynamo that acts across the entire stellar 
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convection zone. It is also worth noting that a combination of both of these 
dynamo processes appears possible (Marsden et al. 2011). 
The precise distribution of spot size and latitude on the star offers a way to 
help decide between the above interface-layer and distributed dynamo models. 
The presence of a non-solar like, strong meridional flow (~100 m s
-1
) should 
result in the emergence of small spots at lower latitude migrating to higher 
latitudes to form a large collection of spots together near the pole (Mackay et al. 
2004). In contrast, a distributed dynamo can produce a large polar spot with less 
in the way of spots emerging at lower latitudes or migrating to higher latitudes. 
Thus, a plot of spottedness with latitude can help to indicate which type of 
dynamo may operate within these active solar-type stars. Here, this plot has been 
presented in two ways: (1) Rectangular plots of the spot occupancy maps 
presented in the relevant results chapters for the targets, which show clearly the 
latitudes at which the spot occupancy of the targets are most evident (Figures 6.1, 
6.3, 6.5, and 6.7 for the R58 2003 data set, 2005 data set, LQ Lup, and RX 
J0850.1-7554, respectively); (2) Plots for each of the data sets of spottedness 
versus latitude to numerically show the extent of the percentage spottedness over 
the surface of the stars (Figures 6.2, 6.4, 6.6, and 6.8 for the R58 2003 data set, 
2005 data set, LQ Lup, and RX J0850.1-7554, respectively). 
 
The fractional spottedness (F(l)) is defined by the equation: 
 
   
2
cos dlllS
lF          (6.1) 
 Where S(l) is the average spot occupancy; 
  l is the latitude; and 
  dl is the latitude width of each latitude ring. 
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Figure 6.1: Rectangular Doppler Imaging Spot Occupancy Map of R58 2003 data set. It can be 
seen clearly that the majority of the spot occupancy is confined to the polar region. Lower latitude 
features are also seen to appear at approximately 25°. 
 
 
 
 
 
 
Figure 6.2: Plot of surface spot occupancy as a function of latitude for R58 2003 data set. Seen 
here are the two maxima in spot occupancy at latitude 25° and near the pole of the star (70°) that 
are also visible in Figure 6.1. The fractional spottedness for these two maxima corresponds to 
~0.02% and ~0.24%, respectively.  
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Figure 6.3: Rectangular Doppler Imaging Spot Occupancy Map of R58 2005 data set. More so 
than the 2003 data set, the spot occupancy is most prominent at the polar region. Only small 
amounts of spot occupancy are seen at the lower latitude of 25°. 
 
 
 
 
 
 
Figure 6.4: Plot of surface spot occupancy as a function of latitude for R58 2005 data set. Again, 
there are two maxima in spot occupancy seen here at latitude 25° and near the pole of the star 
(70°). The maxima at 25°, as visibly seen in Figure 6.3, is much less than that for the R58 2003 
data set. The fractional spottedness for these two maxima corresponds to ~0.01% and ~0.29%, 
respectively. 
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Figure 6.5: Rectangular Doppler Imaging Spot Occupancy Map of LQ Lup data set. The spot 
occupancy seen here is strongest in the polar region. However the occupancy extends further down 
to the mid-latitudes (~50°). 
 
 
 
 
 
 
Figure 6.6: Plot of surface spot occupancy as a function of latitude for LQ Lup. Seen here are two 
maxima in spot occupancy at latitude 30° and near the pole of the star (70°) which extends down 
to the mid-latitudes as signified by the wide peak. This wide peak is seen as the large dark spotted 
area at the top of Figure 6.5. The fractional spottedness for these two maxima corresponds to 
~0.02% and ~0.25%, respectively.  
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Figure 6.7: Rectangular Doppler Imaging Spot Occupancy Map of RX J0850.1-7554 data set. 
More so than the previous plots, this spot occupancy map shows a large area of spottedness 
extending from ~30° down to the equator. High levels of spottedness are also evident at the polar 
region. 
 
 
 
 
 
 
Figure 6.8: Plot of surface spot occupancy as a function of latitude for RX J0850.1-7554. Seen 
here are two maxima in spot occupancy at latitude 30° and near the pole of the star (75°). The 
double peak, which is more prominent in this plot than the previous plots, is a result of the 
extended spot feature seen in Figure 6.7. The fractional spottedness for these two maxima 
corresponds to ~0.04% and ~0.07%, respectively.  
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Granzer (2004) suggest that a strong meridional flow pushes lower latitude 
spots towards to pole to form one large polar spot feature. This mechanism could 
explain the bimodal spot distribution of spots visibly seen in Figures 6.1, 6.3, 6.5, 
and 6.7. These bimodal spot distributions are also reiterated in Figures 6.2, 6.4, 
6.6 and 6.8, where there is a peak in spottedness at both the pole and at lower 
latitudes in all four of the plots. This however, does not rule out the possibility of 
a distributed dynamo acting throughout the convective layer of these stars, 
resulting in eruption of flux tubes at the surface at varying latitudes (Donati et al. 
2003). Using a combination of both of these, a distributed dynamo could explain 
the presence of a constant polar spot structure, as seen on all three targets 
presented here, and coupled with a strong meridional flow mechanism to explain 
the mid- to low-latitude features that appear to migrate toward the pole on all 
three targets, thus adding to the apparent temporal variation in the size of the polar 
feature. This mechanism gives a possible explanation to the temporal observation 
of R58, where the polar region has a fractional spottedness in 2003 of 0.24% and 
then increases to 0.29% in 2005. Conversely, the peak spottedness at the lower 
latitudes decreases from 0.02% in 2003, to 0.01% in 2005. More temporal 
observations of R58 would be needed to confirm this. In general, investigations of 
all of these target‟s magnetic fields, would be needed to confirm the theories 
associated with flux tube emergence and spot migration which are governed by 
the stellar magnetic field lines and strengths. 
With the addition of more temporal observations, as well as observations 
of the target‟s magnetic fields, the active longitudes can also be investigated 
thoroughly. Berdyugina (2005) suggests that active longitudes (where the stellar 
activity is at its strongest) on active, young, solar analogues, are separated by 
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180°. When looking at the rectangular spot occupancy plots presented for the 
selected targets in Figures 6.1, 6.3, 6.5, and 6.7, there is no real evidence of active 
longitudes. However, the plot for R58‟s 2003 data shows a cluster of lower 
latitude spots around phases 0.4 – 0.6 and also at phases 0.9 – 0.1 (where phase 
0.0 also represents phase 1.0 on this plot). This could be an active longitude, 
although it is not evident on the 2005 data set plot, as would be expected if this 
was the case. The majority of the targets that have been observed to exhibit active 
longitudes have been observed for over 20 yrs (Berdyugina 2005). This infers that 
long term temporal observations are required to confirm the presence of active 
longitudes. 
 
 
6.3 Discussion of the Differential Rotation of 
Young Solar Analogues 
The results presented in this thesis include measurement of differential rotation 
for the three stars studied, namely R58, LQ Lup and RX J0850.1-7554. 
 Since differential rotation measurements have been made for both R58 and 
LQ Lup previously, comparisons can reveal temporal evolution. Table 6.3 shows 
the differential rotation measurement for R58 for the data set of 2000 March 
(Marsden et al. 2005), as well as the two data sets (2003 March and 2005 
February). 
As may be expected, the data in Table 6.3 indicate that the equatorial 
rotation rate (the Ωeq parameter) for R58 has not altered significantly between the 
three epochs of observation spanning some 5 yrs. On the other hand, the value for 
dΩ has changed significantly over this same period of time. 
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Table 6.3: Differential Rotation measurement for R58 for the Epochs 2000 March (
a
 Marsden et al. 
2005), 2003 March, and 2005 February. 
Epoch Ωeq (rad d
-1
) dΩ (rad d-1) Lap Time (d) 
2000 Mar 
a 
11.139 ± 0.008 0.025 ± 0.015 251  235 
2003 Mar 11.182 ± 0.008 0.109 ± 0.014 58  8 
2005 Feb 11.240 ± 0.013 0.195 ± 0.024 32  4 
 
The far column of Table 6.3 shows the consequent change in lap time between 
stellar equator and pole, and reveals a large increase in differential rotation. As 
indicated by Petit et al. (2002), when phase sampling is inadequate the resulting 
differential rotation measurement is bias toward a higher value as well as 
exhibiting inflated error bars. This is particularly evident for the R58 2000 
measurement where the differential rotation is almost of a solid body type (i.e. 
near 0 rad d
-1
). The associated error for this particular data set is very apparent 
when the lap time is converted to days, where the error is only 16 rad d
-1
 less than 
the reported measurement. The lack of phase sampling for the R58 2000 data set 
can be seen by the ticks on the outside of the spot occupancy map shown in Figure 
3.29(a). 
This type of variation is also seen on other stars, such as AB Dor and LQ 
Hya (Collier Cameron & Donati 2002; Donati et al. 2003); these stars have a 
variation in their differential rotation measurements of ΔdΩ ~0.02 and ~0.18 rad 
d
-1
, respectively over the period of a year. Although AB Dor and LQ Hya are K-
dwarfs rather than G-dwarfs, the variation of ~0.17 rad d
-1
 over 5 yrs for R58 is on 
the higher end, but nevertheless consistent with the type of temporal variations 
evident for these other stars. 
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Table 6.4: Differential Rotation measurement for LQ Lup for the Epochs 1997 May (
a
 Donati et al. 
2000) and 2002 May. 
Epoch Ωeq (rad d
-1
) dΩ (rad d-1) Lap Time (d) 
1997 May 
a 
20.28 ± 0.01 0.13 ± 0.02 48  8 
2002 May 20.262 ± 0.310 0.098 ± 0.00007 65  3 
 
 LQ Lup also shows temporal variations in differential rotation. Table 6.4 
lists the values determined from 1997 May (Donati et al. 2000) and 2002 May 
(this work). In the case of LQ Lup, as seen in Table 6.4, the differential rotation is 
seen to be winding down, rather than up, like R58. It is suggested that more 
observations are needed to confirm this conclusion. Even though, at first glance, 
the phase sampling (signified by the ticks on the outside of the spot occupancy 
map in Figure 4.17(a)) of the 1997 LQ Lup data set is insufficient to produce a 
reliable differential rotation measurement, it must be considered that it is not the 
phase coverage that affects this measurement, but rather the phase overlap. Petit et 
al. (2002) determined through simulations of this method of obtaining a 
differential rotation measurement that only 4% of the time it takes for the equator 
to lap the pole by at least one complete cycle is required. Since LQ Lup has a very 
short period of only 0.3100 d, this sampling is achievable in a small observation 
period. 
 Barnes et al. (2005) has suggested a correlation between stellar 
temperature and the magnitude of the differential rotation, where the hotter the 
stellar surface, the higher the differential rotation. This correlation suggests a rise 
in differential rotation associated with a decrease in convective zones thickness.  
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Figure 6.9: Plot of differential rotation (dΩ) versus convective zone depth (as a function of stellar 
radius). The blue circles and stars are young solar-type stars from Marsden et al. (2011), the green 
circles are measurements for R58, and the red circles are measurements for LQ Lup. A slight 
increase in differential rotation can be seen with a smaller convective zone depth. 
 
Figure 6.9 presents a plot of differential rotation versus convective zone depth for 
young solar-type stars from Marsden et al. (2011) and the new measurements 
from this project (R58 (green) and LQ Lup (red) only). This figure shows, as 
suggested by Barnes et al. (2005) a correlation between a higher differential 
rotations with a thinner convective zone depth. Jeffers and Donati (2008) imply 
that the reason for this correlation is that a thinner convective zone means that we 
are seeing more of the tachocline where the differential rotation is higher. 
 A new model presented by Işik, Schmitt and Schűssler (2011), looks at the 
dynamo processes associated with cool stars. This study concluded that as a star‟s 
rotation rate increases, so too does the appearance of polar spots due to the strong 
Coriolis force. Also, knowing that the strongest shear of differential rotation is 
anchored at the tachocline, it is expected that the shallower the convective zone is, 
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the more likely that the emerging flux tubes would erupt at and near the poles. 
This insinuates that a thinner convective zone would meant that more high latitude 
features would be seen on the targets presented in this project, as well as polar 
spot features. 
A marked contrast to the results for R58 and LQ Lup is the work of 
Reiners (2007), who has presented a study of the differential rotation of F-type 
stars. In this sample there are several stars that exhibit negative differential 
rotation (non solar-type differential rotation) where the pole rotated faster than the 
equator. This effect has not yet been observed in G-type stars. As seen in Chapter 
5, the (preliminary) differential rotation measurement of RX J0850.1-7554 
(spectral type of mid-G) is suggested to be near solid body or possibly negative 
(when the errors are taken into account). Further contrasts to the theory of Barnes 
et al. (2005) are the two K-dwarfs LQ Hya and AB Dor that both show high levels 
of differential rotation. Weber et al. (2005) also indicates that giant K-stars exhibit 
non solar-type differential rotation. 
RX J0850.1-7554‟s differential rotation measurement is not unlike that of 
the R58 2000 data set measurement (also close 0.0 rad d
-1
). The phase sampling of 
the R58 2000 data set was inadequate to yield a reliable differential rotation 
measurement (as outlined by Petit et al. (2002)). It is suggested that, for this 
project, the same inference can be made for the RX J0850.1-7554 data set and 
subsequent differential rotation measurement. Although, as signified by the ticks 
on the outside of the spot occupancy map of RX J0850.1-7554 in Figure 5.7, the 
phase coverage is ample, it is the phase overlap that is not sufficient to produce a 
reliable differential rotation measurement. This is confirmed by the extremely 
large error associated with this result of 183  182 d. 
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The addition of a strong meridional flow mechanism, as suggested by 
Kitchatinov & Rüdiger (2004), could help explain the temporal variation in 
differential rotation of all three targets, especially the possible anti-solar 
differential rotation of RX J0850.1-7554. This would suggest that when there is a 
fast meridional flow present in the star‟s convection zone, the equatorial rotation 
rate slows down thus lowering the differential rotation rate, even to the point of 
reversing the differential rotation. This theory has been supported by the 
observations by Weber et al. (2005), as well as Kővari et al. (2007) for K-giants, 
but more observations are needed of G-type solar-type stars in order to determine 
if this model is appropriate to explain the results seen in this project. 
Identifying relationships between the indicators of the dynamo (such as 
differential rotation) and stellar age and rotation would help to increase our 
understanding of how the dynamo evolves in solar-type stars. Observations of 
magnetic fields give a direct insight into active dynamo processes that are 
occurring in these types of targets. Barnes et al. (2005), Marsden et al. (2011) and 
many others present such observations that suggest that the magnetic field 
strengths of solar-type stars weaken with age. They also state that as the stellar 
rotation rate increases, so too does the dynamo strength. However, once the 
strength reaches a certain point it saturates, and then further weakens when it 
becomes supersaturated at extremely high rotation rates (Jardine 2004). Processes 
such as magnetic braking also consequently weaken the dynamo strength by 
slowing the stellar rotation rate. 
 The new differential rotation measurements presented in this thesis add to 
the existing small sample for active solar-type stars (e.g. Marsden et al. (2011)). 
However, these measurements present a challenge for dynamo theory yet to be 
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met, especially with a near solid body or negative differential rotation 
measurement for RX J0850.1-7554. A larger sample of stars needs to be surveyed, 
and all targets need to be monitored over time, to investigate the role of stellar 
cycles or other time-dependent processes, as well as stellar parameters that may 
change the observed spot activity of these stars (e.g. effective temperature and 
relative convection zone depth (Barnes et al. (2005)).  
 
6.4 Conclusions 
The hypothesis tested in this thesis is that young, rapidly rotating solar analogues 
should consistently show predominant polar spot features in contrast to what we 
see on the Sun today. This hypothesis is currently not adequately explained by the 
current dynamo models and thus an alternative theory must be sought. These 
theories include the concept of a distributed dynamo, and of the incorporation of 
meridional flow into interface layer models of stellar dynamo processes. The 
results of the three targets presented within this project are a small but 
representative sample that helps provide an empirical basis for modelling of the 
young Sun. 
 All three targets have been shown to exhibit a large polar spot feature and 
thus support the hypothesis. The spot distribution of the mid and lower latitude 
features also evident on these stars, when examined as a function of latitude, can 
give an insight into which of the alternative dynamo models are more appropriate. 
These spot distributions suggest the presence of an interface layer dynamo with 
strong meridional flow though don‟t rule out simultaneous distributed dynamo 
processes. 
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 The results here within, although obtained from targets not of an age that 
is generally accepted as an age that planetary formation occurs, can be used to 
better grasp the affect of the dynamo strengths on the formation of planets and 
their atmospheres. There is much controversy surrounding the age of a star at 
which planets are formed in its orbit, with some authors suggesting that planet 
formation can occur around stars as young as 10 Myr (Maciejewski et al. 2010). 
Lagrange et al. (2010) supports this with the discovery of β Pictoris b, where the 
parent star, β Pictoris is only 10 Myr old. No matter the age of the parent star, 
Sterenborg et al. (2011) insinuates that the magnetic activity of a star affects the 
planetary paleomagnetosphere through the star-planet interaction, with particular 
affects due to the impact of the stellar wind on the forming planet‟s atmosphere. 
 It is concluded that the results presented in this thesis can aid the 
investigation of dynamo theory, as well as our understanding of the young Sun 
and its effects on planetary formation due to its magnetic activity. 
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Chapter 7 
Future Directions 
 
This chapter deals with the possible directions to further the work presented 
within this thesis and will end with some final thoughts on the implications of this 
thesis as a whole. 
 
7.1 Future Directions 
The investigation of the activity of solar-type stars through Doppler imaging (DI) 
has been carried out for a few decades now, with the number of targets analysed 
growing every year. Tables 6.1 and 6.2 in the previous chapter listed these targets. 
As was seen, this is a relatively small sample considering how long DI analysis 
has been carried out. DI experiences some constraints such as visual magnitude, 
rotational velocity, as well as the rotational period of the target. These constraints 
can be overcome with long period observations, both the length of any one 
observation run, as well as long term observations taken over different epochs. A 
promising way of looking at the activity of solar-type stars is through Zeeman 
Doppler Imaging (ZDI) (mapping stellar magnetic fields). ZDI, like DI, has 
constraints on the type of targets it can be used to analyse (Donati et al. 1997), 
however, the capabilities of this technique also enable the magnetic field structure 
to be studied. 
167 
 
This method can also be used to determine differential rotation 
measurements. It is through this process, an investigation into distributed 
dynamos can be undertaken. According to Donati et al. (2003), AB Dor has a 
different differential rotation measurement when taken from the magnetic images, 
than it does when taken from the brightness images. They further suggest that this 
is due to the magnetic fields being anchored at different depths in the convective 
layer thus, producing differential rotation measurements of different shears. This 
difference provides further evidence to support the existence of non-solar type 
dynamo process occurring within these targets. This is further supported by 
Jeffers & Donati (2008) who presented that this was also the case for the 
differential rotation measurements made from magnetic and brightness images for 
HD 171488. 
 Here, the discussion of further DI of the RX J0850.1-7554 is presented to 
collaborate the results herein this thesis and also to determine a differential 
rotation measurement for the target. As well as RX J0850.1-7554, it is suggested 
that the sample of targets analysed using DI should be extended, as well as 
including more long term observations of the current targets, to create a 
representative sample of the activity of young solar-type stars. Spot evolution will 
place important constraints on these theoretical models with respect to active 
latitude and longitude distributions, as well as poleward migration of lower 
latitude features. In addition, ZDI observations of the targets presented within this 
thesis is suggested due to their obvious high activity level. 
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7.1.1 Further Doppler Imaging Observations for 
RX J0850.1-7554 
Doppler imaging results for the rapidly rotating G-dwarf, RX J0850.1-7554 were 
presented in Chapter 5 for the first time. It was determined through χ2 
minimisation that the star‟s rotation period is of the order of 1.17 d. This means 
that the observation run of 7 nights that was taken in May 2006, although long 
enough to give full phase coverage of the stellar surface, was not long enough to 
give adequate overlapping phase coverage which is needed to determine a reliable 
measurement of differential rotation. Considering the 1.17 d period, it is suggested 
that an observation run of 11 nights or more are needed in order to gain this 
overlap. This second observation run will also give the opportunity to confirm the 
results in this project for RX J0850.1-7554 and be able to note any evolution in 
the spot features on its stellar surface over this time frame, especially the apparent 
weak polar spot. 
 RX J0850.1-7554 has been shown here to have a high level of activity in a 
similar manner to R58 and LQ Lup. It is suggested that temporal observations of 
this target over different epochs (like those undertaken for R58 and LQ Lup) 
would be useful for tracking starspots evolution on the photosphere. Also, once a 
differential rotation measurement is derived, it remains to be seen whether RX 
J0850.1-7554 has a changing differential rotation, like that seen for the other two 
targets presented in this thesis. 
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7.1.2 Extending the Sample 
In order to confirm the hypothesis given within this thesis, a larger sample of DI 
analysed G-type solar analogues are needed. The data sets collected from a larger 
sample will also be able to contribute to the investigation of the contradictions 
that are currently present in dynamo theories, such as the existence of a large polar 
spot on these types of targets. 
 As well as extending the sample of stars that have been analysed at least 
once using DI, it is recommended that temporal observations and analysis also be 
carried out of the targets in this project, as well as other stars that have previously 
been observed. As seen in the case of R58 and LQ Lup, having observations at 
different epochs allows comparisons of starspot evolution, as well as being able to 
investigate any changes in differential rotation. Changes in differential rotation 
especially point towards an underlying dynamo that is currently not adequately 
explained by current dynamo theory. These temporal observations could thus 
contribute to filling in the gaps of the theory to provide a full and complete 
dynamo theory that compliments the activity that is observed on these, and other 
solar-analogues. Another aspect of stellar activity that has not yet been fully 
investigated for G-type active, young, solar-type stars is the concept of a magnetic 
cycle, similar to that which is present for our Sun. It is expected that since these 
stars‟ activity is much higher than that of our Sun that their magnetic cycles would 
be shorter. This would be due to their high levels of differential rotation quickly 
wrapping the magnetic field lines around the star causing reconnection. Thus, 
their magnetic cycles would be only of the order of a few years (Berdyugina 
2005) rather than the 22-yr magnetic cycle that is seen on the Sun. These cycles 
may also be irregular in nature. 
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 To reiterate, it is important to obtain Doppler imaging of a statistically 
significant sample of G-type solar analogues for various epochs on a long term 
basis. 
 
7.1.3 Zeeman Doppler Imaging of Young Solar 
Analogues  
The targets presented in this thesis show high levels of activity when analysed 
using the process of Doppler imaging. This in turn suggests that they would also 
show high levels of magnetic activity if they were to be analysed using Zeeman 
Doppler Imaging (ZDI). ZDI is an extension of the DI process that uses polarised 
light observations to investigate the magnetic fields at present in the targets 
(Donati et al. 1997). The analysis process is very similar to that used for DI and 
utilises the same maximum entropy code ZDICAM, but the resulting maps are not 
of the spot occupancy of the star, but rather the radial, azimuthal, and meridional 
magnetic fields on the target. These fields are affected in a similar way as are spot 
features on the stellar surface but the target rotating differentially, and therefore 
differential rotation can also be measured using this information. 
 The current limitations of the instrument used for ZDI in the southern 
hemisphere (SEMPOL) used at the AAT, is that, due to the need for high signal-
to-noise ratio of ~5000, the limiting magnitude of the instrument set up is ~9mag 
(Donati et al. 1997). Since all targets presented in this project are of visual 
magnitude ~10.6mag, they are thus not suitable targets to be observed for ZDI 
using this set up. However, there are two instruments that have a superior 
throughput than that of SEMPOL. ESPaDOnS (Echelle SpectroPolarimetric 
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Device for the Observation of Stars) which is on the CFHT (Canada-France 
Hawaii Telescope) in Hawaii, and NARVAL spectropolarimeter at the TBL 
(Telescope Bernard Lyot) in France. These instruments were based on SEMPOL, 
where they use the same properties of light, but with improvements in throughput. 
ESPaDOnS has the ability to provide a one hour exposure with signal-to-noise 
of 100 of a target of visual magnitude ~14mag (Donati 2003). NARVAL is a 
similar instrument that is designed around ESPaDOnS, and is on the TBL which is 
a smaller telescope (2-m) than the CFHT. The CFHT (3.6-m) is a similar size to 
the AAT (3.9-m), and therefore it would be useful to have an instrument of similar 
capabilities as that of ESPaDOnS be built and permanently housed at the AAT (as 
SEMPOL is only a visiting instrument from France). 
The HARPSpol (High Accuracy Radial velocity Planet Searcher polarimeter), 
which is on the ESO 3.6-m at La Silla, Chile, has been, as the name suggests, 
designed to search for planets using the change in radial velocity shift in a star due 
to the presence of a planet (Snik et al. 2010). Although designed to search for 
planets, HARPSpol‟s considerable sensitivity and accuracy allows the instrument 
to be used for ZDI (as well as other applications) which can also take advantage 
of the large spectral resolution associated with the instrument. This instrument in 
particular could be used to help determine the affect of magnetic fields on the 
formation of planets around young active stars. Magnetic field orientations and 
strengths could be catalogued and compared for stars of varying ages with planet 
companions. This comparison could then add to our understanding of planet 
formation around active stars at differing ages and magnetic activity levels. 
With an instrument with the capabilities of ESPaDOnS or HARPSpol located 
in the southern hemisphere, the targets examined in this thesis, as well as other 
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highly active stars, could be studied. The additional information that ZDI provides 
regarding a star‟s activity is crucial in the investigation of stellar dynamo 
processes, and the more informed we are of the processes that drive the activity of 
young solar analogues, the more we will be able to help correct current dynamo 
theories that do not fit with the observed data of these types of stars. 
 
7.2 Final Thoughts 
Presented within this thesis were the Doppler imaging results of the three solar-
analogues, R58, LQ Lup, and for the first time, RX J0850.1-7554. These findings 
should contribute to the growing sample of solar-type stars being investigated 
using this method to determine their activity levels. These new results presented 
here help to place constraints on current dynamo theory to incorporate features 
such as large polar spots. In conjunction with data for a large sample of solar-
analogues, both in number of stars, as well as long term observations of individual 
targets, these results will be able to be used in the overall understanding of the 
young Sun. 
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Appendix A 
Echelle Spectra Reduction: an 
Interactive Tool (ESpRIT) Data 
Reduction Package 
 
Initial data reduction from raw frames to calibrated spectra includes 4 steps using 
the ESpRIT package. These steps are described here and include determining the 
geometrics of the raw frames, wavelength calibration, extraction of the intensity 
spectrum, and a shifting of the spectra to correct for any instrumental shifts that 
may have occurred during the observational run being analysed. 
 
Step 1: Geometric Calibration 
The geometric calibration is carried out by the code geometry. First, a master flat 
field frame and a master bias frame are produced by determining a median of all 
of the flat field or bias frames for each night, using the script addff_median. 
geometry utilises a master flat field, an arc, and a master bias exposure from each 
night of observations to perform a variety of processes. These processes include 
removing the overscan that is produced by UCLES by trimming the frame, as well 
as obtaining a standard orientation by mirroring the image if necessary to ensure 
orders are running vertically and wavelength is increase with pixel number. The 
code then identifies (once being told the first order number and maximum number 
of orders) each order located in the flat field frame by starting with an estimation 
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of the centre point and width of the first given order.  The slit shape is then 
determined by the averaged deviation from the mean slit direction which is 
calculated with reference to a linear or 2D quadratic fit of the shape of the arc 
lines perpendicular to the dispersion of the individual orders in the arc frame. This 
information is saved into an output file (geom.dat) and utilised in the wavelength 
calibration as well as the intensity spectrum extraction process. 
 
Step 2: Wavelength Calibration 
The next step is the wavelength calibration that is carried out by the code wcal. 
Along with similar input parameters of geometry of the starting order, the order 
increment and the first order to be calibrated, the code also requires an 
approximate starting wavelength (in nm) and dispersion measurement (in nm per 
pixel), for the first order. The code then performs a preliminary comparison of an 
initial calibration of the first order to that of the known lines in a ThAr atlas. 
Calibration of the remaining orders is then completed. The calibration information 
is then saved to an output file (calib.dat) to be used in the intensity spectrum 
extraction process. 
 
Step 3: Intensity Spectrum Extraction 
Extraction of the intensity spectra is performed by the ESpRIT code extract. This 
code utilises the output data files produced by geometry (geom.dat) and wcal 
(calib.dat), as well as a flat field and a bias exposure. In conjunction with the 
stellar exposures, extract subtracts the bias from all exposures and divides the 
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stellar exposures by the flat field to correct for pixel-to-pixel sensitivity 
differences (Mengel 2005). Inter-order background is estimated from the stellar 
exposures. The orders are then collapsed along the previously determined slit 
direction and shape to produce a preliminary spectrum. Any pixels that exhibit 
intensity higher than the average of that order (most likely indicating a cosmic ray 
hit) are now rejected by the code. A false image is then produced by the code by 
propagating each order of the preliminary spectrum along the slit direction and 
then dividing by the actual stellar image. The final optimized intensity spectrum is 
achieved by implementing Marsh‟s (1989) method that gives fractional fluxes as a 
function of the distance from the centre of the order. The heliocentric motion of 
the observatory (contained within the raw frame header files) is automatically 
taken into account when the wavelength calibration of the extracted spectra is 
performed. This process has been automated for this project and uses a shell script 
called autoextr. 
 
Step 4: Instrumentation Shift Correction 
Lastly, to correct for any shift that may have occurred due to movement of the 
spectrograph throughout the observation run, the wavelength calibrated extracted 
spectra is shifted with respect to the LSD profile of the telluric line contained 
within the spectrum (using the code sum_tel). This step reduces errors due to 
instrumental shift to less than 0.1 km s
-1
 (Mengel 2005). An automated script for 
this process called cvel is used. 
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Appendix B 
Input File Formats for the Reduction 
and Analysis of the Project’s Targets 
 
Table B.1: Input Line Format for addff_median 
addff_median Date 1st run 
start 
no. 
1st run 
end no. 
2nd run 
start 
no. 
2nd run 
end 
no. 
No. to 
ignore 
File 
type 
 
 
Example of addff_median input line: 
 
addff_median 05may06 1 11 75 85 0 flat 
OR 
addff_median 05may06 14 16 0 0 0 bias 
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Table B.2: Input File Format for geom.in 
File to read flat field exposure from: 
File to read comparison information from: 
File to read Fabry-Perot information from: (n for not used) 
File to read bias information from: 
pixel 0 for 
x-axis of 
CCD: 
no. of pixels 
for x-axis of 
CCD: 
pixel 0 for 
y-axis of 
CCD: 
no. of pixels for 
y-axis of CCD: 
Is dispersion 
along CCD 
columns?: (y/n) 
Is wavelength increasing 
with pixel along orders?: 
(y/n) 
Do you want to 
invert orders?: 
(y/n) 
Centre point 
of first 
order (at 
row #): 
Approximate 
separation 
between orders: 
Number 
of 
first 
order: 
Order 
increment 
towards top 
of CCD: 
Maximum no. 
of orders: 
Do you want to correct slit curvature?: (y/n) 
Name of file to save geometry information to: 
Do you want to save the reduced comparison spectrum?: (y/n) 
Name of file to save comparison lamp spectrum to: 
 
 
Example of Input File for geom.in: 
 
flat.fits 
arc.fits 
n 
bias.fits 
0 2048 0 1373 
y n n 
30.3 36 84 1 46 
y 
geom.dat 
y 
th.s 
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Table B.3: Input File Format for wcal.in 
Name of file to read uncalibrated spectrum of comparison lamp 
from: 
How many orders in the spectrum?: 
Number of starting order: Order increment: 
Order to be calibrated first: 
Do you want to use a priori calibration table?: (y/n) 
Approximate starting wavelength 
for order to be calibrated: 
Approximate dispersion 
(nm/pixel) for order to be 
calibrated: 
Name of file to read th-ar line wavelengths from: 
Name of file to save calibrated spectrum to: 
Name of file to save calibration table to: 
 
 
 
 
Example of Input File for wcal.in: 
 
th.s 
46 
84 1 
129 
n 
437.7329 0.004956 
thar.arc 
th.ws 
calib.dat 
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Table B.4: Input Line Format for autoextr 
autoextr Date Run start no. Run end no. Starname 
 
Example of autoextr input line: 
autoextr 04feb05 24 35 R58 
 
 
Table B.5: Input Line Format for cvel 
cvel Date Starname 
 
Example of cvel input line: 
cvel 04feb05 R58 
 
 
 
Table B.6: Input Line Format for autosum 
autosum Date Starname 
Spectral type to read telluric 
information for 
 
Example of autosum input line: 
autosum 04feb05 R58 g2 
 
 
 
Table B.7: Input Line Format for create_reformat 
create_reformat Date Starname Period 
vsini 
range 
Radial 
velocity 
Continuum 
Phase 
midpoint 
 
Example of create_reformat input line: 
create_reformat feb05 R58 0.5641 110 20.7 1.000 0.00 
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Table B.8: Input File Format for reformat.in (rfmt.in) 
Do you want to include photometry: 
(y/n) 
Is it a binary star: 
(y/n) 
How many phases to read: 
Number of lines to extract: 
Profile 
ID:  
Central 
wavelength 
(nm): 
Minimum 
velocity 
span (-) 
(nm): 
Maximum 
velocity 
span 
(+)(nm): 
Radial 
shift 
(nm): 
continuum 
level for 
line #0: 
Name of 
file to 
read 
Stokes I 
profiles 
from: 
File to be 
selected 
(1-2): 
Type of 
observation 
(IQUV): 
Phase: 
Signal 
to 
Noise 
ratio: 
resolution 
for 
spectrum 
#0: 
“ “ “ “ “ “ 
“ “ “ “ “ “ 
Name of 
file to 
read 
Stokes I 
profiles 
from: 
File to be 
selected 
(1-2): 
Type of 
observation 
(IQUV): 
Phase: 
Signal 
to 
Noise 
ratio: 
Resolution 
for 
spectrum 
#0: 
Name of file to save spectral data to: 
 
 
 
Example of Input File for reformat.in (rfmt.in): 
n n 
5 
1 
Mean 0.00 -110 110 21.2 0.9995 
R58_14mar03_102.lsd.int 1 I -5.3500 937 50000 
R58_14mar03_103.lsd.int 1 I -5.3369 928 50000 
R58_14mar03_104.lsd.int 1 I -5.3236 927 50000 
R58_14mar03_105.lsd.int 1 I -5.3105 851 50000 
R58_14mar03_106.lsd.int 1 I -5.2973 892 50000 
R58.s 
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Table B.9: Input File Format for zdicam.in 
Do you wish to make a magnetic image?: (y/n) 
Do you want to read an old image file?: (y/n) 
No. of grid 
points: 
inclination angle (zero=pole-on): vsini: 
Do you wish to fit the photospheric line equivalent width?: (y/n) 
Default filling factor: 
Default photospheric 
temperature: 
Default spot temperature: 
Beta for differential rotation: Gamma for differential rotation: 
File to read the spectral data from: 
File to read the observed profile table from: 
Multiplication factor for line 
mean: 
Multiplication factor for line 
mean: 
Do you wish to use the mean profile?: (y/n) 
What is the largest phase smearing allowed?: 
Oversampling factor: 
Do you wish to weigh the pixels by cell area?: (y/n) 
L_fac value for iteration: 
Chi-square aim: Maximum no. of iterations allowed: 
Output brightness file text file: 
Do you want to save the spectral information?: (y/n) 
Output spectral data: 
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Example of Input File for zdicam.in: 
 
n 
n 
2000 60.0 92.5 
n 
1 
5800 3900 
0.0 0.0 
R58.rs 
gau_10.tab 
0.814 0.814 
y 
1.0 
1 
y 
1 
0.6 25 
zdicam_R58.b1 
y 
zdicam_R58.s1 
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Table B.10: File Format for build 
# 
Directory to find new: << fin1 
polar/rectangular/spherical view (p/r/s) 
No. of plots: No. in x direction: No. in y direction: 
Name of file to read brightness information from: 
Name of file to read spectrum information from: 
Colour (0 = black & white; 1 = brown & yellow; 2 = blue & red): 
Phase range minimum: Phase range maximum: 
Spot threshold minimum: Spot threshold maximum: 
x-axis label (blank for no label): 
Title 
fin1 
 
mv –f output.ps filename_to_move_map_output.ps_file_to 
 
Directory to find gdata << fin2 
No. of files to be read: 
Name of first file to be read: 
Name of second file to be read: 
Do you want to plot a dynamic spectrum?: (1 = yes; 0 = no) 
Shift between spectra: 
Screen (0) or ps (1) file: 
 
 
 
fin2 
 
mv –f output.ps filename_to_move_fits_output.ps_file_to 
 
N.B. Blank lines are deliberately left blank 
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Example of File for build: 
 
# 
/export/home/astro/esprit/bin/new << fin1 
P 
1 1 1 
zdicam_R58.b1 
zdicam_R58.s1 
0 
0.0 1.0 
1.0 0.0 
 
Spot Occupancy for R58 
fin1 
 
mv –f output.ps R58_map.ps 
 
/export/home/astro/esprit/bin/gdata << fin2 
2 
R58.rs 
zdicam_R58.s1 
0 
0.007 
1 
 
 
fin2 
 
mv –f output.ps R58_fit.ps 
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Appendix C 
Individual Differential Rotation Plots 
for the Variation Ellipses of Each 
Target 
 
The following differential rotation plots have been produced to determine the 
variation ellipses seen on the differential rotation plots in each target results 
chapter (Figure 3.24, 3.26, 4.14, and 5.14). Each of the determined stellar 
parameters of radial velocity, v sin i, and inclination angle, were determined using 
the χ2 minimisation method and thus have an associated error. The spot aim also 
has an error associated with it. However, this particular value is determined by 
ZDICAM and is affected inversely by the χ2aim in the input file. All of these errors 
can affect the accuracy of the final differential rotation measurement for a target 
and thus must be taken into account when stating the measurement. As seen below 
by the number of plots for each target, a variation ellipse is the most concise way 
to present the affect of these errors on the end differential rotation measurement. 
Each plot for an individual target have been plotted on the same scale to 
show the true variation of the differential rotation measurement when the errors 
are applied to the parameters. 
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R58 2003 
(a)      (b) 
  
Figure C.1: Differential Rotation Plots for R58 2003 with a variation of the Radial Velocity 
parameter of 20.7  0.1 km s-1. (a) was produced by incorporating the maximum radial velocity 
measurement of 20.8 km s
-1
.  (b) was produced by incorporating the minimum radial velocity 
measurement of 20.6 km s
-1
. 
 
(a)      (b) 
  
Figure C.2: Differential Rotation Plots for R58 2003 with a variation of the v sin i parameter of 
92.0  0.5 km s-1. (a) was produced by incorporating the maximum v sin i measurement of 92.5 km 
s
-1
. (b) was produced by incorporating the minimum v sin i measurement of 91.5 km s
-1
. 
 
(a)      (b) 
  
Figure C.3: Differential Rotation Plots for R58 2003 with a variation of the Inclination Angle of 
60°  10°. (a) was produced by incorporating the maximum inclination angle measurement of 70°.  
(b) was produced by incorporating the minimum inclination angle measurement of 50°. 
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(a)      (b) 
  
Figure C.4: Differential Rotation Plots for R58 2003 with a variation of the χ2aim of 0.60 (which in 
turn inversely affects the spot aim). (a) was produced by incorporating the maximum χ2aim of 0.65.  
(b) was produced by incorporating the minimum χ2aim of 0.55. 
 
R58 2005 
(a)      (b) 
  
Figure C.5: Differential Rotation Plots for R58 2005 with a variation of the Radial Velocity 
parameter of 12.5  0.1 km s-1. (a) was produced by incorporating the maximum radial velocity 
measurement of 12.6 km s
-1
.  (b) was produced by incorporating the minimum radial velocity 
measurement of 12.4 km s
-1
. 
 
(a)      (b) 
  
Figure C.6: Differential Rotation Plots for R58 2005 with a variation of the v sin i parameter of 
92.0  0.5 km s-1. (a) was produced by incorporating the maximum v sin i measurement of 92.5 km 
s
-1
.  (b) was produced by incorporating the minimum v sin i measurement of 91.5 km s
-1
. 
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(a)      (b) 
  
Figure C.7: Differential Rotation Plots for R58 2005 with a variation of the Inclination Angle of 
60°  10°. (a) was produced by incorporating the maximum inclination angle measurement of 70°.  
(b) was produced by incorporating the minimum inclination angle measurement of 50°. 
 
(a)      (b) 
  
Figure C.8: Differential Rotation Plots for R58 2005 with a variation of the χ2aim of 0.55 (which in 
turn inversely affects the spot aim). (a) was produced by incorporating the maximum χ2aim of 0.50.  
(b) was produced by incorporating the minimum χ2aim of 0.65. 
 
LQ Lup 
(a)      (b) 
  
Figure C.9: Differential Rotation Plots for LQ Lup with a variation of the Radial Velocity 
parameter of 6.0  0.5 km s-1. (a) was produced by incorporating the maximum radial velocity 
measurement of 6.5 km s
-1
.  (b) was produced by incorporating the minimum radial velocity 
measurement of 5.5 km s
-1
. 
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(a)      (b) 
  
Figure C.10: Differential Rotation Plots for LQ Lup with a variation of the v sin i parameter of 
115.5  1.0 km s-1. (a) was produced by incorporating the maximum v sin i measurement of 116.5 
km s
-1
.  (b) plot was produced by incorporating the minimum v sin i measurement of 114.5 km s
-1
. 
 
(a)      (b) 
  
Figure C.11: Differential Rotation Plots for LQ Lup with a variation of the Inclination Angle of 
30°  10°. (a) was produced by incorporating the maximum inclination angle measurement of 40°.  
(b) was produced by incorporating the minimum inclination angle measurement of 20°. 
 
(a)      (b) 
  
Figure C.12: Differential Rotation Plots for LQ Lup with a variation of the χ2aim of 0.90 (which in 
turn inversely affects the spot aim). (a) was produced by incorporating the maximum χ2aim of 1.0.  
(b) was produced by incorporating the minimum χ2aim of 0.80. 
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RX J0850.1-7554 
(a)      (b) 
  
Figure C.13: Differential Rotation Plots for RX J0850.1-7554 with a variation of the Radial 
Velocity parameter of 17.5  0.1 km s-1. (a) was produced by incorporating the maximum radial 
velocity measurement of 17.6 km s
-1
.  (b) was produced by incorporating the minimum radial 
velocity measurement of 17.4 km s
-1
. 
 
(a)      (b) 
  
Figure C.14: Differential Rotation Plots for RX J0850.1-7554 with a variation of the v sin i 
parameter of 42.5  0.5 km s-1. (a) was produced by incorporating the maximum v sin i 
measurement of 43.0 km s
-1
.  (b) was produced by incorporating the minimum v sin i measurement 
of 42.0 km s
-1
. 
 
(a)      (b) 
  
Figure C.15: Differential Rotation Plots for RX J0850.1-7554 with a variation of the Inclination 
Angle of 70°  10°. (a) was produced by incorporating the maximum inclination angle 
measurement of 80°.  (b) was produced by incorporating the minimum inclination angle 
measurement of 60°. 
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(a)      (b) 
  
Figure C.16: Differential Rotation Plots for RX J0850.1-7554 with a variation of the χ2aim of 0.50 
(which in turn inversely affects the spot aim). (a) was produced by incorporating the maximum 
χ2aim of 0.55.  (b) was produced by incorporating the minimum χ
2
aim of 0.45. 
 
